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Paper based analytical devices (PADs) have great 
potential in the application of point-of-care diagnosis. 
This dissertation focuses on the design and application of 
PADs, especially ones that integrate with electrochemical 
systems, to tackle various problems in analytical chemistry, 
such as multi-analyte separation, sample enrichment, and 
sensitive detection. Four types of PADs are described in 
this dissertation.  
The first PAD (oPAD-Ep) is designed for multi-analyte 
separation. The oPAD-Ep is fabricated using the principle of 
origami to create a stack of connected paper layers as an 
electrophoresis channel. Due to the thinness of paper, a 
high electric field can be achieved with low voltage supply. 
Serum proteins can be separated and the device can be 
unfolded for post-analysis. 
The second PAD (oPAD-ITP) is designed on a similar 
principle as the oPAD-Ep, but it is applied for sample 
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enrichment. The major modification is to adjust electrolyte 
conditions to enable isotachophoretic enrichment of 
analytes. DNA with various lengths can be enriched within a 
few minutes, and can be collected on one of the paper folds. 
The third PAD (hyPAD) also focuses on sample 
enrichment. The device is assembled with two different paper 
materials, nitrocellulose and cellulose. The hyPAD can 
perform faradaic ion concentration polarization experiments. 
This technique uses faradaic electrochemistry to create a 
local electric field gradient in the paper channel and can 
enrich charged analytes including: DNA, proteins, and 
nanoparticles. 
The fourth PAD (oSlip-DNA) focuses on sensitive 
electrochemical detection of DNA hybridization assays. This 
method integrates magnetic enrichment and electrochemical 
signal amplification via silver nanoparticles. Using 
voltammetry, sensitive detection of Hepatitis B Virus DNA is 
achieved on the low-cost device.  
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Chapter 1:  Introduction 
1.1 PAPER BASED ANALYTICAL DEVICES 
Point-of-care (POC) diagnostics deliver rapid test 
results directly to patients at the time of care.1,2 POC 
testing allows patients to be diagnosed in the physician‟s 
office, an ambulance, the home, the field, or in the 
hospital, and it can be performed in resource-limited 
settings without help from laboratory trained personnel or 
complicated instruments. The World Health Organization 
designates the guidelines for POC testings as ASSURED: 
Affordable, Sensitive, Specific, User-friendly, Rapid and 
Robust, Equipment free, and Deliverable to end-users.3 A 
variety of materials have been used to construct POC 
device,4,5 especially glass,6,7 plastic,8,9 and paper.2,8,10 
Compared to glass and plastic, paper has several properties 
that make it more suitable for some POC applications. (1) 
Paper is porous with micro-structured hydrophilic cellulose 
backbones, which enables capillary flow without pump 
installation.11 (2) Paper is robust but yet flexible enough 
to be folded, bent, or cut, which enables easier 
manufacturing.12,13 (3) Paper is biocompatible and also 
fairly chemically inert, so that it can host most bioassays 
without biomolecule denaturation or reaction interference.14 
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(4) Paper is cheap and easy to produce at large scale, which 
lowers the material cost.  
There are a few examples of using paper for POC 
applications in the last century. For instance, in 1949 
Muller and coworkers conducted the preferential elution of a 
mixture of pigments in a restricted channel on ordinary 
filter paper.15 In the 1970s, nitrocellulose paper based 
lateral flow assay was developed for the detection of human 
chorionic gonadotropin (hCG) which lays the groundwork for 
modern home pregnancy tests.16 In the 1987, Matthews et al. 
designed a pen-sized glucose meter that used a paper strip 
to electrochemically measure glucose concentration in whole 
blood.17 This device was then modified and finally evolved 
to become the commercially available personal glucose meter 
(PGM).  
The paper-based analytical device (PAD) concept 
emphasizes the application of paper not only as a substrate 
but also as a complete device with specific functions. This 
concept was first introduced by the Whitesides group in 
2007.18 They patterned chromatography paper via 
photolithographic method into well-defined hydrophilic 
channels bounded by hydrophobic barriers. Sample solution 
wicks through channels and reacts with reagents that were 
pre-loaded on the paper. Simultaneous colorimetric detection 
of glucose and bovine serum albumin were achieved.18 The 
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sample volume was small (a few microliters), the assay time 
short (a few minutes), the readout method simple (naked 
eye), and the device cost low (<$2 USD). The important 
outcome of the Whitesides publication was to show that the 
PAD concept is a natural fit for POC. Soon after their paper 
was published, PAD-based assays became a focus of research 
worldwide. 
 
1.2 FABRICATION OF PADS                                       
The very first step in PAD research is device 
fabrication, which aims at improving the stability of PADs 
and lowering the manufacture time and cost. The most common 
fabrication methods are photolithography18,19 and wax 
printing.20,21  
Photolithographic methods use hydrophobic photoresist 
on hydrophilic paper to pattern well-defined channels. The 
advantages of this method include high channel resolution, 
stable structures, and low leakage. However, this method 
involves expensive equipment, organic solvents (less bio-
compatible), and is time consuming to implement.  
Wax printing uses a commercially available inkjet 
printer to directly print solid wax on the surface of paper, 
which is followed by a thermal treatment to melt the wax 
through the thickness of the paper. This method is low-cost, 
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accessible, and very flexible, which makes it popular and 
widely used. Nevertheless, the drawbacks of wax printing, 
compared to photoresist, include lower resolution, lower 
stability, and incompatibility with organic solvents.  
Besides these two methods, other fabrication methods 
have also been reported, such as plasma treatment,22 
plotting,23 cutting,24 inkjet printing,25,26 vapor phase 
deposition,27 Flexographic printing,28 and stamping.29  
 
1.3 DESIGNS OF PADS 
Creative designs of PADs have been developed to fit 
specific applications.30 Due to the flexibility and thinness 
of paper, PADs can be designed in very different ways 
compared to conventional microfluidic devices.10,31 In this 
section, several design ideas that make PADs multi-
functional and that are related to the work in this 
dissertation are introduced.  
1.3.1 Multi-dimensional PADs. 
Three-dimensional (3D) microfluidic systems can add 
more flow pathways and significantly expand device 
capabilities for analysis.32 For conventional plastic and 
glass microfluidic devices, 3D fabrication has been achieved 
by methods such as multilayer soft lithography,33 membrane 
stacking,34 vertical passages,35 and discrete 
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stereolithography.36 However, these fabrication methods are 
usually time consuming and come with at a high cost, which 
make them not suitable for POC applications. Paper, on the 
other hand, differs from plastic and glass in its porous 
structure, thinness, and soft mechanical strength. These 
properties enable novel 3D fabrication methods.  
In 2009, Whitesides and co-workers patterned multiple 
layers of paper and stacked them with adhesive tape 
(Illustration 1.1).19 Holes ere punched in the adhesive 
tape, and then the holes were filled with cellulose powder. 
When the channels on different layers were aligned, fluids 
could be transported vertically between layers in a 3D 
fashion via the holes.  
In 2011, Crooks and co-workers significantly simplified 
the 3D paper fabrication by using the principle of paper 
folding (Illustration 1.2) to produce a family of PADs which 
are called oPADs (o stands for origami).12,37 Compared with 
the stacking method developed by Whitesides, the origami 
technique is advantageous for several reasons. First, the 
entire device can be fabricated on one piece of paper, 
instead of sequential layer-by-layer fabrication on multiple 
pieces.  This saves time and reduces cost. Second, layers 
assembled by folding do not require adhesive tape or special 
alignment. Third, the device can be unfolded for post-assay 
analysis.   
 6 
 
Illustration 1.1. Demonstration of a 3D PAD by stacking.  
(A) Fabrication. (B, C, D) Photographs of a basket-weave 
system taken at different times after adding red, yellow, 
green, and blue aqueous solutions of dyes to the sample 
reservoirs. (E, F, G) Cross sections of the device showing 
the layers and the distribution of fluid in each layer of 
the device shown in (D). Image sourced from Reference 19. 
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Illustration 1.2. Demonstration of a 3D PAD by origami.  
A 3D PAD fabricated based on the principle of origami. Image 
sourced from Reference 12. 
1.3.2 Flow rate control systems. 
Unlike conventional microfluidic systems in which 
pressure driven flow is applied and controlled through 
pumps, the porous structure and hydrophilicity of paper 
(cellulose matrix) enables on-chip capillary flow.11 As a 
result, sample solution can wick through the channels, which 
eliminates the requirement for external pumping. The 
capillary driven flow in a straight paper channel can be 
described by the Washburn equation (eq 1.1).38  


4
2 DtL      (1.1) 
It shows the square of distance (L) is proportional to the 
liquid surface tension (γ), pore diameter (D), time (t), and 
inversely proportional to the liquid dynamic viscosity (η). 
This equation indicates that the flow rate decreases at 
longer times.39 To fit applications that require precise 
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timing, different flow rate control systems have been 
developed on PADs.  
A direct and obvious deduction from Washburn‟s equation 
is that longer channels take a longer time to fill. 
Therefore, several groups have designed channels with 
different lengths and shapes, so that it takes different 
time for fluids to reach the end of channels.11,39,40 By this 
method, programmable and sequential reagent delivery can be 
achieved on PADs.  
Other design ideas take more complicated approaches. 
For example, Yager and co-workers designed dissolvable 
barriers to tune the flow rate. In their experiment, the 
authors pre-dried sugar (trehalose) barriers in the 
channels.11,41 When wicking up to the sugar barrier, the 
fluids are slowed to different extents based on the 
dissolution of different amount of sugar. Shen and co-
workers made paper cantilevers on a 2D PAD.22 When lifted 
up, the cantilever broke the connection of the channel to 
stop the flow. This design enables manual control of the 
flow. Likewise, Liu and co-workers integrated a magnetic 
control system with a cantilever design on PADs.42 Instead 
of manual control, the cantilever is modified with 
ferromagnetic nanoparticles and is controlled by a circuit 
with electromagnetic attraction.  
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I have participated in developing two flow rate control 
systems on paper: the Slip PAD43 and the hollow-channel 
PAD.44-46 The Slip PAD (Illustration 1.3) is inspired by the 
Slip Chip concept developed by Ismagilov and co-workers.47,48 
In this device, two paper layers are patterned with 
mismatched channels. The mismatched channels can be 
connected when users slip one layer against the other. The 
manual handle of the device offers accurate timing to 
deliver the reagents. The hollow-channel PAD (Illustration 
1.4) is based on the idea to add pressure driven flow to 
capillary flow.44 To achieve this, paper cellulose is 
removed in the channel, and the bottom of the channel is 
maintained hydrophilic by partially modifying the surface. 
In the hollow-channel, only a drop of fluid (~20 μL) is 
enough to activate pressure driven flow and it is reported 
that the flow rate is 7 times faster than conventional paper 
channel.44 Others also proposed alternative methods to 
create hollow channels.49,50   
  
 10 
 
Illustration 1.3. Scheme for the Slip PAD. 
Two paper layers are patterned with mixmatched channels and 
zones. User can connect the channels and zones, with a 
simple slip function. Image sourced from Reference 43.  
 
 
Illustration 1.4. Scheme for the hollow-channel PAD. 
In the hollow-channel, the paper cellulose is removed and 
the bottom of the channel is maintained hydrophilic by 
partially modifying the surface. Image sourced from 
Reference 44.  
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1.3.3 Electrochemistry. 
Electrochemical analysis has great potential 
application in POC diagnosis for several reasons.51,52 First, 
electrochemistry is quantitative and sensitive. Second, 
electrochemical measurements require only simple 
instrumentation. For example, a potentiostat can be 
manufactured at a cost of ~$100 USD and have the size of a 
regular cell phone.53 Third, it is easy to integrate 
electrochemical systems on the device. The only requirement 
is electrode patterning on the device, which has been well 
developed.54,55  
The first example of PAD based electrochemistry was 
reported by Henry and co-workers.54 In the work, they 
patterned three sets of electrodes in three separated zones 
on paper. Each set of electrodes includes a working 
electrode, a reference electrode and a counter electrode. 
When electrochemical active biomolecules, such as uric acid, 
are present in the zones, electrochemical detection can be 
performed. Following that, a lot of electrochemical systems 
have been reported on paper, such as amperometric 
detection,56 voltammetric detection,57 potentiometric 
detection,37,58 and photoelectrochemistry.59  
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1.4 RESEARCH SUMMARY AND ACCOMPLISHMENTS 
This dissertation focuses on combining and modifying 
the core design ideas mentioned in the section 1.3 and 
developing new PADs, especially ones that integrate with 
electrochemical systems, to tackle more specific problems in 
analytical chemistry, including multi-analyte separation, 
sample enrichment, and sensitive detection. These PADs are 
very easy to fabricate at low cost and do not require 
complicated instruments to run.  
Specifically, Chapter 2 discusses the design of a 3D 
PAD (oPAD-Ep) for electrophoretic separation of serum 
proteins. The oPAD-Ep is fabricated based on the principle 
of origami to shorten the channel length. As a result, a 
high electric field that is required for electrophoresis can 
be achieved at with low voltage supply. Serum proteins can 
be separated onto different paper layers within a few 
minutes. This PAD design significantly lowers the high 
voltage requirement in conventional designs, thus making it 
more user-friendly and suitable for POC applications. 
Chapter 3 presents a similar design as oPAD-Ep, 
however, focuses on the sample enrichment. The device 
(called oPAD-ITP) is also based on the origami design, and 
the electrolyte conditions in the channel are controlled so 
that isotachophoresis technique can be achieved. The oPAD-
ITP is able to concentrate DNA with various lengths and 
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collect concentrated sample onto one of the paper folds for 
post-analysis. The PAD design can be integrated with other 
detection systems and lower the limit of detections by two 
orders of magnitude.  
Chapter 4 discusses the faradaic ion concentration 
polarization experiments for sample enrichment on paper 
(hyPAD). The hyPAD uses faradaic electrochemistry to create 
a local electric field gradient in the paper channel and 
concentrate charged anlaytes with a counter-flow. The hyPAD 
can be tuned by electrochemical process and lower the limit 
of detection. The ability of the device is demonstrated with 
the enrichment of DNA, proteins, and nanoparticles.  
Chapter 5 focuses on using electrochemical method for 
the detection of DNA hybridization assays on paper (oSlip-
DNA). This electrochemical method integrates magnetic 
enrichment and electrochemical signal amplification via 
silver nanoparticles. The oSlip-DNA possesses a complicated 
3D structure to enable microbead-based assay and timely 
control of the reagent transport. Sensitive detection of 
Hepatitis B Virus DNA to 85 pM is achieved on the device 
with a cost of 36 cents.  
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Chapter 2: Low-Voltage Origami-Paper-Based 
Electrophoretic Device for Rapid Protein 
Separation* 
2.1 SYNOPSIS 
This chapter presents an origami paper-based 
electrophoretic device (oPAD-Ep), which achieves rapid (~5 
min) separation of fluorescent molecules and proteins. Due 
to the innovative design, the required driving voltage is 
just ~10 V, which is more than 10 times lower than that used 
for conventional electrophoresis. The oPAD-Ep uses multiple, 
thin (180 μm/layer) folded paper layers as the supporting 
medium for electrophoresis. This approach significantly 
shortens the distance between the anode and cathode, and 
this, in turn, accounts for the high electric field (>1 
kV/m) that can be achieved even with a low applied voltage. 
The multiple design of the oPAD-Ep enables convenient sample 
introduction by use of a slip layer as well as easy product 
analysis and reclamation after electrophoresis by unfolding 
the origami paper and cutting out desired layers. We 
demonstrate the use of oPAD-Ep for simple separation of 
proteins in bovine serum, which illustrates its potential 
applications for point-of-care diagnostic testing.  
                                                 
* Chapter 2 is based on previous publication: L. Luo, X. Li and 
R. M. Crooks, Low-Voltage Origami-Paper-Based Electrophoretic 
Device for Rapid Protein Separation, Anal. Chem., 2014, 86, 
12390-12397. LL and XL contributed equally to the work. RMC was 
the research advisor. LL and XL designed and performed the 
experiments. LL, XL, and RMC wrote the manuscript. 
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2.2 INTRODUCTION 
In this chapter, we introduce a new kind of electrophoretic 
(Ep) device, which is appropriate for integration into paper 
analytical devices (PADs),3,60 and demonstrate separation of 
fluorescent molecules and proteins at very low voltages. The 
device, which we call an oPAD-Ep (the o stands for 
origami),12 is very easy to construct (Illustration 2.1). 
Briefly, a piece of filter paper is folded into a multilayer 
structure that serves as the Ep medium. A slip layer is 
added to introduce the sample,43 and this assembly is then 
sandwiched between two Ag/AgCl electrode assemblies. The 
important new finding is that an electric field of a few 
kilovolts per meter can be easily generated in an oPAD-Ep 
using an applied voltage of just 10 V due to the thinness of 
the folded paper (~2 mm thick for an 11-layer origami 
construct). In contrast, a much higher applied voltage (100-
300 V) is required to achieve a similar field using a 
conventional Ep apparatus.61 In addition, the multilayer 
structure of this device offers several important 
advantages. First, a separate slip layer is easily 
incorporated in oPAD-Ep for sample introduction.43 The 
position of the slip layer determines the initial location 
of sample. Second, product analysis after Ep is easily 
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performed by unfolding the device, and the resolution of 
product distribution can be as high as the thickness of a 
single paper layer (~180 μm). Third, after Ep separation, 
the paper can be cut to reclaim one or multiple components 
from a complex mixture for further analysis. Finally, the 
oPAD-Ep provides an alternative means for controlled and 
rapid transport of charged molecules through wetted paper 
when normal capillary driven flow is absent or too slow. The 
simple construction, low voltage requirement, and other 
properties alluded to above may make oPAD-Ep suitable for 
point-of-care (POC) applications, for example, as a 
component of diagnostic devices.  
 
Illustration 2.1. Scheme for the oPAD-Ep. 
In the 1930s, Tiselius developed the first Ep system, 
the Tiselius apparatus, for analysis of colloidal 
mixtures.62 This technique has evolved over time to take 
maximum advantage of physical and chemical differences 
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between targets (usually proteins or DNA). For example, the 
supporting medium may be filter paper,63 natural gels,64-68 
or synthetic gels,69 and the apparatuses used to carry out 
these separations also vary widely (e.g., SDS-PAGE,70,71 
capillary Ep,72 and isoelectric focusing73,74).   
In recent years, simple forms of paper Ep have been 
developed that might eventually find their way into POC 
devices. For example, Ge et al. introduced a paper-based 
electrophoretic device for amino acid separation by 
imitating the design of conventional electrophoretic 
systems.75 Using wax printing,20 they patterned two 
reservoirs connected by a ~20 mm long channel on paper. A 
voltage of 330 V was applied across the channel, which 
achieved an electromigration speed of a few millimeters per 
minute for amino acids. Using an alternative design, Chen et 
al. achieved a similar electric field, but they avoided the 
necessary of using a high applied voltage by placing the 
anode and cathode in close proximity (~2 mm).76 However, the 
device designs mentioned above involve either a high 
voltage, which is not suitable for POC applications, or 
challenging operational characteristics. Moreover, a 
constant pH was not maintained in either of these two 
devices, raising concerns about nonuniform Ep of amphoteric 
molecules, whose mobilities are strongly dependent on the 
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solution pH. The multilayer oPAD-Ep design we describe 
herein addresses these issues.  
Three-dimentional (3D) PADs were first reported by 
Whitesides and co-workers in 2008.19 In these devices, 
multiple paper layers were stacked and held together with 
double-sided tape. More recently, our group introduced a 
simpler method for achieving similar functionality by using 
the fabrication principles of origami, that is, folding a 
single piece of paper into a 3D geometry.12 We call this 
family of sensors oPADs. Since their inception, a number of 
oPADs have been reported for various applications, including 
detection of biomolecules,37,77,78 paper-based batteries,76 
and even a microscope.79 In contrast to earlier systems, the 
oPADs-Ep takes advantage of the thinness of the paper used 
for device fabrication. This results in a very short 
distance between the anode and cathode, just a few 
millimeters, which leads to electric fields of ~2 kV/s with 
an input voltage of just 10 V. When subjected to this field, 
fluorescent molecules or proteins penetrate each paper layer 
at a speed of 1-3 layers/min. In this chapter, we discuss 
the fundamental characteristics of the oPADs-Ep design, 
demonstrate the separation of fluorescent molecules based on 
their different electrophoretic mobilities, and then show 
that bovine serum albumin (BSA) can be separated from calf 
serum within 5 min. We believe that these characteristics 
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are sufficiently desirable that the oPADs-Ep will eventually 
be incorporated into more sophisticated paper diagnostic 
devices when a separation step is required prior to 
analysis.  
 
2.3 EXPERIMENTAL 
2.3.1 Chemical and Materials 
Tris-HCl buffer (1.0 M, pH = 8.0), phosphate buffered 
saline (PBS, pH = 7.4), and Whatman Grade 1 chromatography 
paper, were purchased from Fisher Scientific. Silver wire 
(2.0 mm in diameter), calf serum from formula-fed bovine 
calves, albumin (lyophilized powder, ≥ 95%, agarose gel Ep) 
and IgG (reagent grade, ≥ 95%, SDS-PAGE, essentially salt-
free, lyophilized powder) from bovine serum, and 
FluoroProfile protein quantification kits were purchased 
from Sigma-Aldrich. The following fluorescent molecules were 
used as received: Ru(bpy)3Cl2 (Fluka), 4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene 
(BODIPY2-, Invitrogen), 8-methoxypyrene-1,3,6-trisulfonic 
acid trisodium salt (MPTS3-, Anaspec), 1,3,6,8-
pyrenetetrasulfonic acid tetrasodium salt (PTS4-, Fisher 
Scientific), Rhodamine 6G (Acros), methylene blue (Sigma-
Aldrich)and rhodamine B (Fluka). All solutions were prepared 
using deionized water having a resistivity of 18.2 MΩcm 
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from a Milli-Q Gradient System (Bedford, MA). Serum protein 
solutions were prepared with PBS. 
2.3.2 Device Fabrication 
oPAD-Eps were fabricated in three steps: (1) the slip 
layer and origami paper were patterned using wax printing,20 
(2) the plastic buffer reservoirs were fabricated using a 
laser cutter, and (3) the oPAD-Eps were assembled as shown 
in Illustration 2.1. Briefly, CorelDraw software was used to 
design wax patterns on the Whatman Grade 1 paper (the 
patterns used for the slip layers and origami sections are 
provided in the Illustration 2.2). After wax patterning 
using a Xerox 8570DN inkjet printer, the paper was placed in 
an oven at 120 oC for 45 s, and then cooled to 25 ± 2 oC. 
The unwaxed disk in the center of each section of the 
origami paper was ~3.5 mm in diameter. 
As shown in Illustration 2.2, slip layers were 
partially laminated using Scotch self-sealing laminating 
pouches from 3M. There are two main reasons for this design. 
First and foremost, the plastic sheath reduces the friction 
between slip layer and wetted origami paper so that slipping 
does not cause serious damage to the paper. Second, it 
ensures alignment of the sample loading zone on the slip 
layer with the channel in the origami paper. Similarly, 
fabrication of buffer reservoirs begins with a design in 
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CorelDraw (Illustration 2.2). Each reservoir consists of 
three layers, which are aligned, stacked, and then bound by 
acrylic adhesive (Weld-On). Each layer was fabricated by 
cutting a clear 0.32 cm-thick acrylic sheet using an Epilog 
Zing 16 laser cutter (Epilog Laser, Golden, CO). The layer 
in direct contact with the origami paper has a 6.5 mm-
diameter hole at its center, and this was filled with a 5.0% 
agar gel prepared with buffer solution. This gel serves as a 
separator between the origami paper and reservoir solution, 
and it prevents the paper from being damaged by long-term 
exposure to solution, undesirable pH changes, and the 
effects of pressure-driven flow. After all parts were 
fabricated, they were assembled into the final device 
(Illustration 2.1). Finally, the origami paper was pre-
wetted with buffer solution, and the slip layer was placed 
in the desired position. The pressure holding the oPAD-Ep 
together is adjustable using four screws at the corners of 
the plastic sheets: finger-tight torque was found to be 
optimal. 
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Illustration 2.2. Designs of oPAD-Ep components.  
(a), (b), and (c) are the origami paper, slip layer, and 
plastic buffer reservoirs, respectively. (d) Photographs of 
the oPAD-Ep. 
2.3.3 Operation of the oPAD-Ep 
Before use, the two reservoirs of the oPAD-Ep were 
filled with 300.0 μL of buffer and then a Ag/AgCl electrode 
was inserted into each of them. For fluorescent molecule Ep, 
0.20 M Tris-HCl (pH = 8.0) was used, while PBS (pH = 7.4) 
was used for protein Ep. Ag/AgCl electrodes were prepared by 
immersing Ag wires in commercial bleach overnight,80 and 
rinsed thoroughly with DI water before use. The surface of 
Ag wires turned dark brown after being oxidized to AgCl. A 
0.50 µL aliquot of sample solution was loaded at the 
designated zone on the slip layer, and then introduced by 
pulling the slip layer into alignment with the origami 
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paper. A BK Precision DC regulated power supply (model 
1621A) was used to apply a voltage between the two Ag/AgCl 
electrodes. After Ep, the buffer and electrodes were removed 
from the reservoirs, and the screws were loosened to unfold 
the origami paper for analysis. 
2.3.4 Fluorescence Analysis 
A Nikon AZ100 multi-purpose zoom fluorescence 
microscope was used to acquire fluorescent images of each 
oPAD-Ep layer, including the slip layer, and ImageJ software 
(NIH, Bethesda, MD) was used to analyze the fluorescence 
intensity. For protein analyses, we used the FluoroProfile 
protein quantification kit from Sigma-Aldrich to label 
proteins with a fluorescent tag.12 Following Ep, 0.50 µL 
FluoroProfile fluorescent reagent solution was spotted onto 
the origami paper and slip layer, both of which were placed 
in a humidity chamber for 30.0 min and then taken out and 
dried for an additional 30.0 min in a dark room. During this 
time period, epicocconone in the stain solution fully reacts 
with primary amine groups on proteins, producing a 
fluorescent conjugate having two excitation maxima at ~400 
and ~500 nm with emission at 610 nm.81 An Omega XF204 filter 
(excitation: 540 nm and emission: 570-600 nm) was used to 
acquire the fluorescence images of stained proteins in the 
oPAD-Ep.  
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2.4 RESULTS AND DISCUSSION 
2.4.1 Electrophoresis of Individual Fluorescent Molecules. 
In this section, we examine the Ep of single 
fluorescent molecules, and in the following sections we will 
show that oPAD-Eps are applicable to more complex tasks 
including separation of fluorescent molecules and proteins. 
The fluorescent molecules used for demonstration purposes 
are listed in Table 2.1, along with their excitation and 
emission wavelengths (fluorescence spectra are provided in 
the Figure 2.1) and the corresponding microscope filter sets 
used for analysis. 
 
 
Fluorescent 
Molecules 
Absorption 
Maximum 
Extinction 
(nm) 
Fluorescence  
Maximum 
Emission (nm) 
Excitation 
Filter 
(nm) 
Emission 
Filter 
(nm) 
Ru(bpy)3
2+ 455 622 420-490 510-700 
BODIPY2- 492 518 460-500 510-560 
MPTS3- 401 444 340-380 430-480 
PTS4- 374 384 340-380 430-480 
Table 2.1: Spectral information about the fluorescence 
probes. 
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Figure 2.1. Fluorescence spectra of BODIPY2-, MPTS3-. PTS4-, 
Ru(bpy)3
2+, and Rhodamine 6G. 
A detailed summary of the operation of the oPAD-Ep is 
provided in the Section 2.3.3. Briefly, however, the paper 
part of the device is folded, as shown in Illustration 2.1, 
and then compressed by plastic sheets. The two reservoirs 
are filled with buffer and a Ag/AgCl electrode is inserted 
into each of them. Next, an aliquot of sample solution is  
300 400 500 600
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
Wavelength/ nm
 Ex.
 Em.
401
444
400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
1.2
518
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
Wavelength/ nm
 Ex.
 Em.
492
300 400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
1.2
554
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
Wavelength/ nm
 Ex.
 Em.
525
Rhodamine 
6G
MPTS3-
300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
622
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
Wavelength/nm
 Ex.
 Em.
455
300 400 500 600
0.0
0.2
0.4
0.6
0.8
1.0
1.2
384
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
Wavelength/nm
 Ex.
 Em.
374
Ru(bpy)3
2+PTS4-
BODIPY2-
 26 
loaded at the designated zone on the slip layer, and then it 
is introduced into the oPAD-Ep by pulling the slip layer 
into alignment with the origami paper. Finally, a voltage is 
applied to the electrodes until the separation is complete, 
as which time the origami paper is removed, unfolded, and 
analyzed. 
 
Figure 2.2. Ep of BODIPY2- on oPAD-Ep.  
(a) Fluorescence micrographs of a 23-layer oPAD-Ep after Ep 
of BODIPY2- for run times ranging from 0 min to 6.0 min at 
10.0 V and, in the bottom frame, after 6.0 min with no 
applied voltage. Fluorescence from just the first 20 layers 
is shown because the last three layers are at the background 
level. A 16-level color scale was used to differentiate the 
fluorescence intensities. BODIPY2- (0.50 µL, 1.0 mM) was 
initially spotted on the slip layer, which is located at 
Position 3. The white arrow in the fourth micrograph 
indicates the direction of BODIPY2- migration. (b) 
Integrated relative fluorescence unit (RFU) distributions, 
extracted from (a), as a function of Ep run time. The black 
line is a Gaussian fit to the histograms. (c) Peak positions 
derived from the Gaussian fittings in (b) as a function of 
time. The error bars represent the standard deviation of at 
least three independent tests at each time. 
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In the first series of experiments, a 23-layer paper 
device was used to study the migration of BODIPY2-. This 
experiment was carried out by placing a 0.50 µL aliquot of 
1.0 mM BODIPY2- onto the slip layer, which was in turn 
placed between the second and third layers of the oPAD-Ep, 
namely Position 3 in Figure 2.2. Upon application of 10.0 V, 
Figure 2.2 shows that BODIPY2- migrates from its initial 
location toward the cathode by penetrating each layer of the 
origami paper at a rate of ~2-3 layers per min. The results 
show that the distribution of BODIPY2- broadens as a 
function of separation time: the width of the band increases 
from ~2 layers at 0 min to ~5 layers at 6.0 min. In the 
absence of the electric field (bottom of Figure 2.2a), the 
initial BODIPY2- spot broadens by ~1 layer after 6.0 min. To 
demonstrate the importance of the origami construct, and 
particularly its modest thickness (~4 mm), we also carried 
out an Ep experiment in a 2.0 cm-long regular paper channel 
using the same applied voltage (details provided in the 
Figure 2.3) as a control. In this control experiment, the 
paper electrophoretic device comprises a ~2 cm-long straight 
paper channel with an electrode placed at each end. To rule 
out the interference of surface flow, the paper channel was 
embedded in a self-laminating pouch (blue part in Figure 
2.3b). Sample was loaded at the midpoint of the buffer-
wetted paper channel, and the applied voltage between the 
 28 
two electrodes was varied from 4.0 V to 12.0 V to drive the 
electro-migration of BODIPY2-. After 5.0 min, no Ep 
transport of the samples was observed under a UV lamp 
(Figure 2.3d) due to the weak electric field. 
 
Figure 2.3. Paper Ep control experiment.  
(a) Wax pattern of the device used in the control 
experiments: black, wax; white, paper. (b) Cross-sectional 
illustration of the device: orange, Cu cathode; blue, self-
laminating pouch; grey, paper channel. (c) and (d) are 
photographs of the device in room light and under a UV lamp, 
respectively, after the application of the indicated 
voltages for 5.0 min. 
To provide a more quantitative analysis of the 
experiment in Figure 2.2, the fluorescence intensity (in 
terms of relative fluorescence units, RFU) of each layer of 
the oPAD-Ep was determined using ImageJ software and then 
plotted as a function of position in Figure 2.2b. The 
standard deviations () and peak positions (µ0) of the 
distribution were obtained by fitting the results to a 
Gaussian distribution. Assuming that diffusion is the major 
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cause of peak broadening, the diffusivity of BODIPY2- in wet 
paper (Dpaper) can be roughly estimated using the 1D Einstein 
diffusion equation (eq 2.1). 
tDpaper2
2     (2.1) 
Here, ∆2 is the mean square displacement at time t. A plot 
of ∆2 vs. t is provided in the Figure 2.4, and from its 
slope Dpaper is calculated to be ~0.14 X 10
-9 m2/s, which is 
about one third of the diffusivity of BODIPY2- in water 
(Dwater = ~0.43 X 10
-9 m2/s).82 This difference may be due to 
the presence of the network of cellulose fibers that hinders 
diffusion.83 This suggests that the peak broadening 
exhibited by fluorescent molecules in the oPAD-Ep is mainly 
caused by stochastic motion. Two additional points should be 
mentioned. First, the initial peak broadening observed at 0 
min is caused by the sample transfer from the slip layer to 
the two neighboring layers. Second, there is little or no 
capillary flow in the oPAD-Ep, because all layers of the 
paper are pre-wetted with the running buffer prior to 
application of the applied voltage. 
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Figure 2.4. 2 vs. time curve.  
The data were obtained from the Gaussian fits shown in 
Figure 2.2b. 
Figure 2.2c shows that there is a linear correlation 
between the peak position (µ0) and the time of Ep. The slope 
of this plot is 2.1 oPAD-Ep layers/min, which is equivalent 
to 6.0 µm/s. Using this value, it is possible to use eq 2.2 
to estimate the Ep mobility (µEp) of BODIPY
2- in wetted paper 
(E is the local electric field inside the device). To do so, 
however, it is necessary to make the simplifying assumption 
that Ep dominates electroosmosis under the conditions used 
in our experiments. 
It has been shown previously that the electroosmotic 
velocity of albumin in barbital buffer in a range of common 
papers ranges from ~30% to 170% of its Ep velocity at pH 
8.8.84 In addition, Posner and coworkers observed 
significant electroosmotic flow (EOF) in nitrocellulose 
paper during their paper-based isotachophoretic 
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preconcontration experiments. Specifically, they found that 
the fluorescent molecule AF488, which is focused between the 
leading and trailing electrolytes, moved faster (velocity 
increased from ~30 µm/s to 150 µm/s) after adding 3% 
polyvinylpyrrolidone (PVP) to the leading electrolyte to 
suppress the EOF.85 Clearly, the EOF in paper varies over a 
wide range and is strongly dependent on experimental 
conditions such as paper structure and electrolyte. 
Therefore, we measured the electroosmotic velocity of 
Rhodamine B, which is neutral in the pH range between 6.0 
and 10.8,86 to evaluate the EOF in oPAD-Eps under our 
conditions (details provided in the Figure 2.5). The results 
show that the electroosmotic velocity is small (< 0.1 
layer/min) compared to Ep, and therefore we ignore its 
contribution in the treatment that follows. 
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Figure 2.5. Ep of Rhodamine B on a 23-layer oPAD-Ep.  
Rhodamine B (0.50 µL, 0.10 mM) was initially loaded onto the 
slip layer at Position 21, and the direction of applied 
electric field is from Position 23 toward Position 1. The 
running buffer was 0.20 M Tris-HCl (pH = 8.0). 
 
   
tE
Ep


 0

     (2.2) 
The following procedure was used to determine the value of 
E. A multimeter was connected in series with the power 
supply to measure the current flowing through the oPAD-Ep 
with and without origami paper present in the device. At an 
applied voltage of 10.0 V, the values of the two currents 
were ~1.7 mA and 6.0 mA, respectively. Using the difference 
between these currents and Ohm‟s law, the calculated 
resistance of the origami paper is ~4.2 kΩ. By multiplying 
this resistance by the current at 10.0 V, the voltage drop 
 33 
(ΔV) across the paper is determined to be ~7 V. The value 
of E in the oPAD-Ep (~1.7 kV/m at an applied voltage of 10.0 
V) is then calculated by dividing ΔV by the total thickness 
(d = 4.1 mm) of the 23-layer origami paper. Finally, using 
eq 2.2, µEp for BODIPY
2- in the oPAD-Ep is calculated to be 
~2.2 X 10-9 m2/(s⋅V). 
 
Figure 2.6. Ep of PTS4-, MPTS3- and Ru(bpy)3
2+ on 23-layer 
oPAD-Eps.  
Applied voltage is 10.0 V. PTS4- or MPTS3- (0.50 µL, 5.0 mM) 
were initially pipetted onto the slip layer which is located 
at Position 3. Due to the positive charge of Ru(bpy)3
2+, its 
slip layer is at Position 21. (a), (c), and (e) show the 
integrated RFU distributions of these molecules in oPAD-Eps 
as a function of Ep run time. The black lines are Gaussian 
fits of the histograms. (b), (d), and (f) are the peak 
positions derived from the Gaussian fits in (a), (c), and 
(e) as a function of time. 
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Following the procedure described for BODIPY2-, we 
evaluated the Ep properties of three other dyes in the oPAD-
Ep: PTS4-, MPTS3-, and Ru(bpy)3
2+. Plots of the position of 
these dyes as a function of time are shown in Figure 2.6. 
From these data, the Ep velocities were determined to be: 
PTS4-, 2.7 layers/min; MPTS3-, 2.0 layers/min; and 
Ru(bpy)3
2+, 3.0 layers/min. The corresponding values of µEp 
are 2.9 X 10-9 m2/(s⋅V), 2.1 X 10-9 m2/(s⋅V), and 3.2 X 10-9 
m2/(s⋅V), respectively. These mobilities are about one order 
of magnitude smaller than their counterparts in bulk 
solution.87,88 There are several possible reasons for this: 
hindered migration by the cellulose matrix, specific 
interactions between the charged molecules and the paper, 
and small contributions arising from electroosmosis (the 
direction of EOF is opposite to the migrational direction of 
negatively charged dyes). Regardless of the underlying 
phenomena, the relative velocities are: Ru(bpy)3
2+ > PTS4- > 
MPTS3- ~ BODPIY2-. Two other positively charged dyes, the 
characteristics of Rhodamine 6G (+1 charge between pH 4.0 
and 10.0; see Figure 2.7)89 and methylene blue were also 
tested, and both were found to migrate slowly (< 0.2 
layer/min) under the same conditions used for the other 
dyes. This may be a consequence of a strong electrostatic 
interaction between the negatively charged paper and the 
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positively charged dyes, but why Ru(bpy)3
2+ is an exception 
is still a mystery. 
 
Figure 2.7. Ep of Rhodamine 6G on a 23-layer oPAD-Ep.  
Rhodamine 6G (0.50 µL, 0.10 mM) was initially loaded at 
Position 21 and the direction of the applied electric field 
(10.0 V) is from Position 23 to 1. 
2.4.2 Simultaneous Separation of Multiple Fluorescent 
Molecules 
In this section, two examples are presented that 
demonstrate separation of fluorescent molecules using the 
oPAD-Ep. The first utilizes a mixture of two oppositely 
charged molecules: MPTS3- and Ru(bpy)3
2+, which migrate in 
opposite directions upon the application of an electric 
field. The second example demonstrates separation of 
BODIPY2- and PTS4-, which have the same charge but µEp values 
that differ by about 25%. 
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The separation of MPTS3- and Ru(bpy)3
2+ was carried out 
as follows. A mixture containing 1.5 mM MPTS3- and 1.5 mM 
Ru(bpy)3
2+ was prepared by mixing equal aliquots of 3.0 mM 
MPTS3- and 3.0 mM Ru(bpy)3
2+, spotting 0.50 µL of the mixture 
onto the slip layer, and inserting the slip layer at 
Position 11 of the oPAD-Ep. All other conditions were the 
same as in the previously described single-analyte 
experiments. When 10.0 V was applied between the two Ag/AgCl 
driving electrodes, MPTS3- moved from its initial position 
towards the anode and Ru(bpy)3
2+ migrated toward the 
cathode. After carrying out the separation, each layer of 
the oPAD-Ep was characterized spectroscopically using a 
different fluorescence filter (Table 2.1). Because the 
emission intensity is different for the two dyes, the 
results of this experiment, shown in Figure 2.8a, are 
normalized by setting the maximum RFU to 1. The key finding 
is that a near-quantitative separation is achieved in < 1 
min. Figure 2.8b shows fluorescence images for the 
individual dyes (in the same oPAD-Ep) 3 min after the 
application of the voltage. Using the peak positions in 
Figure 2.8b, the electrophoretic velocities are ~2 and ~3 
layers/min for MPTS3- and Ru(bpy)3
2+, respectively. These 
values are the same as those measured for the individual 
dyes. 
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Figure 2.8. Separation on oPAD-Eps.  
(a) Separation of a mixture of 1.5 mM MPTS3- and 1.5 mM 
Ru(bpy)3
2+ using a 23-layer oPAD-Ep and an applied voltage 
of 10.0 V. A 0.50 µL aliquot of this mixture was initially 
spotted on the slip layer located at Position 11. The two 
arrows in the fourth histogram indicate the directions of 
MPTS3- and Ru(bpy)3
2+ migration. The blue and red histograms 
correspond to the distributions of Ru(bpy)3
2+ and MPTS3-, 
respectively. (b) Fluorescence micrographs of MPTS3- and 
Ru(bpy)3
2+ in the same oPAD-Ep as in (a) after a 3.0 min 
separation using an applied voltage of 10.0 V. (c) Similar 
experiment as in (a), but for a mixture of 1.5 mM PTS4- and 
0.50 mM BODIPY2-. (d) Fluorescence micrographs of PTS4- and 
BODIPY2- in the same oPAD-Ep as in (c) after 5.0 min Ep at 
an applied voltage of 10.0 V. Filter sets used to acquire 
the data are given in Table 2.1. 
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The second demonstration of the oPAD-Ep involves the 
separation of two negatively charged dyes. In this case, a 
0.50 µL aliquot of a mixture containing 1.5 mM PTS4- and 
0.50 mM BODIPY2- was initially situated at Position 3 
(Figures 2.8c and 2.8d). Upon application of 10.0 V, both 
molecules are driven toward the anode and gradually separate 
(Figure 2.8c). The calculated Ep velocities of BODIPY2- and 
PTS4- (Figures 2.2 and 2.6, respectively) are 2.1 and 2.7 
layers/min. From these values, the predicted peak separation 
should be ~3-4 paper layers after 5.0 min, which is in good 
agreement with the value of ~5 layers found in the 
experiment (Figures 2.8c and 2.8d). Figure 2.8d shows 
fluorescence micrographs of BODIPY2- and PTS4- obtained in 
the same oPAD-Ep. The relatively low fluorescence intensity 
for PTS4- in these experiments is caused by the small Stokes 
shift of this molecule which does not match perfectly with 
the fluorescence filter set used（Table 2.1 and the Figure 
2.1）. 
2.4.3 Electrophoresis of Serum Proteins 
Ep is widely used to separate biomolecules such as DNA 
and proteins. One of the most common electrophoretic 
techniques is gel Ep, which uses a gel to suppress the 
thermal convection caused by Joule heating and to sieve 
biomolecules on the basis of their size. This method is 
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routinely used in clinical laboratories to test for 
abnormalities in a variety of biological matrices, 
including: serum, urine, blood, and cerebrospinal fluid.90 
For example, in serum protein gel Ep, normal serum is 
separated into five different bands: (1) Albumin, which is 
approximately two-thirds of the total protein content (3-5 
g/dL); (2) Alpha-1(0.1-0.3 g/dL) and (3) Alpha-2 (0.60-1.0 
g/dL), which are two groups of globulins mainly including 
heptoglobin, ceruloplasmin, and macroglobin; (4) Beta (0.7-
1.2 g/dL), composed of transferrin and lipoprotein; and (5) 
Gama (0.6-1.6 g/dL), which contains primarily 
immunogolublins such as IgG.91 An excess or insufficiency in 
any of these bands may indicate a need for medical 
attention. Commercially available devices for separating 
serum proteins usually require a high voltage (200-300 V) 
and a long separation time (~1 h), both of which are 
impractical for POC applications. In this section, we will 
show that the oPAD-Ep is able to rapidly (5 min) separate 
serum proteins using a voltage of just 10 V. 
The Ep properties of bovine serum albumin (BSA) and IgG 
(also from bovine serum) were initially evaluated separately 
in the oPAD-Ep. In these experiments, an 11-layer oPAD-Ep 
was first wetted with 1× PBS buffer (ionic strength 163 mM, 
pH = 7.4). Next, 0.50 µL of a 0.1× PBS buffer (ionic 
strength 16.3 mM) containing either 5.0 g/dL BSA or 1.0 g/dL 
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IgG was loaded at Position 3 of the oPAD-Ep. These 
conditions are different from those used for separating the 
fluorescent molecules: the oPAD-Ep consists of fewer layers 
(this experimental design flexibility is a noteworthy 
characteristic of the oPAD-Ep) and the buffer concentration 
is lower, both of which serve to increase the electric field 
within the device. 
Figure 2.9a shows fluorescence micrographs of BSA in 
the oPAD-Ep before and after the application of 10.0 V for 
5.0 min, and after 5.0 min in the absence of an electric 
field. When no voltage is applied, BSA undergoes random 
diffusion, spreading out by ~1 layer from the initial 
position within 5.0 min. In contrast, when 10.0 V is 
applied, BSA migrates towards the cathode at a speed of ~1 
layer/min (equal to a mobility of ~5 × 10-10 m2/(s⋅V), 
details provided in the Figure 2.10). The mobility of BSA 
measured in the oPAD-Ep is an order of magnitude lower than 
the value reported in the literature using conventional 
paper Ep.84 In the previously reported experiments, however, 
Ep was carried out for 14 h (150 times longer than in our 
experiments) to achieve a reasonable separation of serum 
proteins. This long immersion time causes deterioration of 
the paper structure, which may lead to faster migration of 
BSA. This contention is supported by the small difference (< 
8%) between the measured mobility of BSA in paper and in 
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free solution noted in this prior report.84 In addition, the 
type of paper and the pH used in our study is different, and 
the effects of electroosmosis were not considered in our 
calculation. After migration, remnants of BSA were observed 
on the paper (Positions 6-9, Figures 2.9a and 2.9b), which 
is expected as BSA is known as a nonspecific adsorption 
blocker in paper based devices.77 
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Figure 2.9. Ep of BSA and IgG on 11-layer oPAD-Eps.  
Both BSA and IgG were stained with epicocconone to produce 
fluorescent conjugates (details provided in the Section 
2.3.4). (a) Fluorescence micrographs of the oPAD-Ep after Ep 
of BSA for 5.0 min at 10.0 V and, in the second and third 
frames, after 5.0 min and at 0 min with no applied voltage. 
BSA (0.50 µL, 5.0 g/dL prepared in 0.1× PBS (ionic strength: 
16.3 mM, pH = 7.4)) was initially loaded on the slip layer 
which is at Position 3. The same procedure was used for a 
1.0 g/dL bovine IgG solution, and the fluorescence 
micrographs are shown in (c). (b) and (d) are the 
corresponding histograms of integrated RFU extracted from 
(a) and (c), respectively. 
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Figure 2.10. BSA calibration curve.  
Paper zones with a diameter of 3.5 mm were used to obtain 
the BSA calibration curve. These paper zones were first 
wetted with 0.50 µL 0.1× PBS solution (ionic strength 16.3 
mM), and then 0.50 µL of BSA solutions having different 
concentrations was spotted at the wet paper zone, followed 
by another 0.50 µL epicocconone to stain the protein. After 
that, the devices were kept in a humidity chamber for 30.0 
min to allow epicocconone to fully react with BSA, and then 
moved to a dark room until they were dry (~30 min). After 
taking fluorescence micrographs, the RFU of each paper zone 
was integrated in ImageJ and plotted as a function of BSA 
concentration. Integrated RFU of stained BSA in 3.5-mm-
diameter paper zones as a function of BSA concentration. 
Estimation of BSA mobility. At 10.0 V, the migrational 
velocity of BSA on wet paper is ~1 layer/min or 3 µm/s. The 
electric field is simply estimated as 10.0 V divided by the 
thickness of 10-layer origami paper which is ~1.8 mm, giving 
a value of ~5.5 kV/m. After that, using eq 2.2 in the main 
text, the mobility of BSA is calculated to be ~5 X 10-10 
m2/(s•V). 
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In contrast to BSA, the distribution of IgG shifted 
only slightly toward the anode after 5.0 min, as shown in 
Figures 2.9c and 2.9d. This is primarily because IgG has a 
different isoelectric point than BSA: 7.3 ± 1.0,92 and 4.9 ± 
0.1,93,94 respectively (recall that the separation is carried 
out at pH 7.4). Additionally, IgG is a larger molecule (~150 
kDa) than BSA (~66.5 kDa),95 which also leads to a lower 
mobility. 
 
Figure 2.11. Separation of calf serum on 11-layer oPAD-Eps.  
Applied voltage is 10.0 V. (a) Fluorescence micrographs 
obtained after Ep of calf serum at 10.0 V for 5.0 min. A 
0.50 µL aliquot of serum was initially spotted onto the slip 
layer at Position 3. (b) and (c) are fluorescence 
micrographs of oPAD-Eps used for single-component control 
experiments: 5.0 g/dL BSA and 1.0 g/dL bovine IgG. 
Separation conditions were the same for all the data in this 
figure. 
Applying the same conditions used for the control 
experiments illustrated in Figure 2.9, we carried out a 
separation of the components of calf bovine serum. Figure 
2.11a is a fluorescence micrograph of an oPAD-Ep after 
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separation of a 0.50 µL bovine serum sample for 5.0 min at 
10.0 V. Two fluorescence maxima are apparent: one near the 
starting location of the separation (Position 3), which 
belongs to immunoglobulin proteins (including IgG), and the 
other near Positions 9-10, corresponding to BSA. By simple 
visual comparison with the fluorescence intensities of the 
control experiments shown in Figure 2.9, it is possible to 
obtain a quick semi-quantitative analysis. The total amount 
of BSA in the calf serum (Figure 2.11a) is close to that of 
the BSA control of 5.0 g/dL (Figure 2.11b), which lies in 
the normal range of 3-5 g/dL.91 Comparison of Figures 2.11a 
and 2.11c reveal that the immunoglobulin protein 
concentration is higher than 1.0 g/dL IgG, but still in a 
reasonable range considering that immunoglobulin proteins 
other than IgG are also present in the serum sample. A more 
quantitative analysis is not possible, because the 
fluorescence intensity of protein starts to deviate from 
linearity at concentrations >~0.50 g/dL (a calibration curve 
is given in the Figure 2.10). Also, the other three weak 
bands, Alpha-1, Alpha-2 and Beta, which usually appear 
between the immunoglobulin proteins and albumin in 
conventional serum Ep, cannot be distinguished by the oPAD-
Ep. This may be because of the strong background of non-
specifically absorbed BSA.   
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2.5 SUMMARY AND CONCLUSIONS 
In this chapter, we have described an innovative design 
for a low-cost separation system based on folded paper. This 
approach takes advantage of the thinness of origami paper 
(180 µm/layer) to achieve a high electric field strength 
(several kV/m) at a low applied voltage (~10 V). The voltage 
required for the oPAD-Ep is more than an order of magnitude 
lower than that used in conventional electrophoretic 
devices. The simple construction, low voltage requirement, 
and ease of use make the oPAD-Ep a good candidate for POC 
applications. Moreover, because it is able to separate 
fluorescent molecules and serum proteins within ~5 min, it 
can potentially be integrated into other types of paper-
based devices for preseparation of, for example, blood 
components.  
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Chapter 3: Low-Voltage Paper Isotachophoresis 
Device for DNA Focusing* 
3.1 SYNOPSIS 
We present a new paper-based isotachophoresis (ITP) 
device design for focusing DNA samples having lengths 
ranging from 23 to at least 1517 bp. DNA is concentrated by 
more than two orders of magnitude within 4 min. The key 
component of this device is a 2 mm-long, 2 mm-wide circular 
paper channel formed by concertina folding a paper strip and 
aligning the circular paper zones on each layer. Due to the 
short channel length, a high electric field of ~16 kV/m is 
easily generated in the paper channel using two 9 V 
batteries. The multilayer architecture also enables 
convenient reclamation and analysis of the sample after ITP 
focusing by simply opening the origami paper and cutting out 
the desired layers. We profiled the electric field in the 
origami paper channel during ITP experiments using a 
nonfocusing fluorescent tracer.  The result showed that 
focusing relies on formation and subsequent movement of a 
sharp electric field boundary between the leading and 
trailing electrolyte. 
 
                                                 
* Chapter 3 is based on previous publication: X. Li, L. Luo and R. 
M. Crooks, Low-voltage paper isotachophoresis device for DNA 
focusing, Lab Chip, 2015, 15, 4090-4098. XL and LL contributed 
equally to the work. RMC was the research advisor. XL and LL 
designed and performed the experiments. XL, LL, and RMC wrote the 
manuscript. 
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3.2 INTRODUCTION 
Here we report a paper isotachophoresis (ITP)96 
platform fabricated using the principles of origami 
(Japanese paper folding). The device is very inexpensive, 
easy to assemble and operate, and is able to 
electrokinetically concentrate DNA. The design of this 
origami paper analytical device (oPAD)12,97 is illustrated in 
Illustration 3.1. Briefly, a piece of wax-patterned paper20 
is folded into a concertina configuration, a plastic slip 
layer43,98,99 is inserted into one of the folds, and then this 
assembly is sandwiched between reservoirs for the trailing 
electrolyte (TE) and leading electrolyte (LE). DNA, present 
at concentrations on the order of 10-9 M, is initially mixed 
with the TE solution and then added to the TE reservoir, 
followed by addition of the LE solution to its reservoir. 
These solutions flow spontaneously into the paper channel 
but are prevented from mixing by the slip layer. Next, a 
voltage bias is applied between electrodes in the 
reservoirs, and then the slip layer is removed. This results 
in accumulation of DNA (100-fold concentration 
amplification) at the interface of the two electrolytes 
within ~4 min. 
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Illustration 3.1. Scheme of the oPAD-ITP. 
Four important outcomes emerge from the experiments 
reported here. First, the power requirements of the oPAD-ITP 
are supplied by two 9 V batteries, which is a >20-fold lower 
voltage than previously reported, and therefore true point-
of-care (POC) applications are accessible and complications 
due to Joule heating are minimized.85,100,101 Second, the 
origami paper channel is fully enclosed by wax, and 
therefore solvent (water) evaporation is minimized. Third, 
the plastic slip layer (Illustration 3.1) makes it very easy 
to establish a well-defined initial TE/LE boundary. Fourth, 
the oPAD-ITP is "digital" in the sense that the enriched 
product will be on individual paper layers and can be 
reclaimed by simply cutting off the desired layer(s). This 
opens up the possibility of coupling the oPAD-ITP with other 
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detection systems to achieve lower limits of detection 
(LOD). 
Our work builds on the original reports of two-18 and 
three-dimensional19 PADs introduced by the Whitesides group 
in 2007 and 2008, respectively. Due to their 
biocompatibility,3 ease of fabrication,20 and low-cost,3,102 
PADs provide a natural entry into the field of POC 
diagnostic devices and systems.8 A number of detection 
methods have been developed for PADs, including: 
electrochemistry,54,57,77 photography,103,104 
luminescence,75,105-107 and others.10,108 Nevertheless, it is 
still difficult to achieve sufficiently low LODs for some 
important applications, particularly those involving nucleic 
acid detection. One way around this problem is sample 
preconcentration, and although there are many ways to 
approach this for bulk solutions the number that have been 
reported for paper platforms is very limited.10 
Isotachophoresis (ITP) is an electrophoretic technique 
that can effectively concentrate ionic samples with minimal 
sample pretreatment.96,109,110 In a typical ITP experiment, 
the electric field profile across an electrophoretic channel 
is controlled by using electrolytes having different 
mobilities: a fast moving LE and a slow moving TE.111 When a 
voltage is applied across the channel, sample ions, 
initially present in the TE solution, out-pace the TE and 
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accumulate at the TE/LE boundary resulting in a high local 
concentration. The ITP technique for nucleic acids109 and 
proteins112 is well-established for capillaries113 and 
microfluidic devices.114,115 For example, Bercovici et al. 
demonstrated that ITP in capillary can enable >10,000-fold 
increase in hybridization rates of nucleic acid.116 Garcia-
Schwarz and Santiago developed a microfluidic chip-based 
two-stage ITP assay to detect microRNA targets from only a 
few nanogram total RNA.117 
In contrast to traditional fluidic platforms, there are 
only a few examples of ITP being implemented on PADs. For 
example, Moghadam et al. used a paper-based device for ITP 
focusing of the dye Alexa Fluor 488. The specific platform 
in this case was nitrocellulose paper strips, and they were 
able to demonstrate 900-fold enrichment using an applied 
voltage in the 250-350 V range.85 Later, the same group 
integrated lateral flow immunoassays (LFA) into their paper-
based ITP device demonstrated an LOD improvement of two 
orders of magnitude.101 Rosenfeld and Bercovici developed an 
ITP microfluidic device made of wax-patterned filter paper 
and transparent tape. Their device enabled 1,000-fold 
enrichment of a fluorescent tracer using an applied voltage 
of ~400 V.100 
Our group recently reported an oPAD design for 
electrophoretic separations that is intended to be simpler 
 52 
and operate at much lower voltages than those that have been 
reported previously.97 In the present chapter, we adapted 
this design for ITP, and specifically for ITP concentration 
of DNA. We report on four specific experiments. First, we 
discuss ITP of 23-mer single-stranded DNA labeled with 
Cyanine5 (ssDNA) using the oPAD-ITP and compare this result 
to a mathematical model reported by Rosenfeld and 
Bercovici.100 Second, we show how ITP enrichment is affected 
by the initial concentration of sample DNA. Third, we report 
on some fundamental principles of the oPAD-ITP, and in 
particular the electric field profile during sample 
focusing. Finally, we demonstrate a specific application of 
the oPAD-ITP: ITP of a 100 bp dsDNA ladder, which is 
comprised of 100-1517 bp of double-stranded DNA (dsDNA). The 
results of these studies suggest that the oPAD-ITP will be 
able to provide additional functionality for a variety of 
paper-based detection platforms. 
 
3.3 EXPERIMENTAL 
3.3.1 Chemicals and Materials 
Whatman Grade 1 cellulose paper, HCl, acetic acid, and 
agarose were purchased from Fisher Scientific (Walthman, 
MA). Single-stranded DNA (ssDNA, 5‟-AGT CAG TGT GGA AAA TCT 
CTA GC-Cy5-3‟) was ordered from Integrated DNA Technologies 
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(Coralville, IA) and purified by HPLC. The 100 bp dsDNA 
ladder was from New England BioLabs (Ipswich, MA). The 
following chemicals were from Sigma-Aldrich (St. Louis, MO) 
and used as received: 2-amino-2-(hydroxymethyl)-1,3-
propanediol (tris base), 2-aminoethanesulfonic acid 
(taurine), Ru(bpy)3Cl2, ethidium bromide (EtBr) solution (10 
mg/mL), and EDTA. 
3.3.2 Device Fabrication 
The fabrication of the oPAD-ITP is similar to that of a 
related electrophoretic device we have reported 
previously,97 but there are some important differences. 
Whatman grade 1 cellulose paper (~180 µm thick) was 
patterned with wax (CorelDRAW designs shown in Illustration 
3.2) using a Xerox ColorQube 8750DN inkjet printer. The key 
feature of the patterning is the presence of a ~2 mm-
diameter wax-free region in the center of each section of 
the device. The patterned paper was placed in an oven at 120 
oC for 45 s to allow the wax to penetrate through the 
thickness of paper20 and then cooled to 25 ± 2 oC. After 
folding the paper into an 11-layer origami structure 
(Illustration 3.1), a piece of plastic sheet (photo 
laminating sheets from 3M: 0.5 mm thick, 4.0 cm long, and 
1.0 cm in wide) was inserted between the second and third 
layers. This slip layer is used to form the initial TE/LE 
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boundary and also serves as a switch to initiate the ITP 
process. The TE and LE reservoirs were fabricated from 
acrylonitrile butadiene styrene (Illustration 3.2b) using a 
Flashforge Pro XL 3D printer. The assembled oPAD-ITP was 
then sandwiched between the two reservoirs. The degree of 
compression of the concertina fold was controlled using four 
screws situated at the corners of the reservoirs 
(Illustration 3.2c). 
 
Illustration 3.2. Design and photographs of the oPAD-ITP.  
(a) A CorelDRAW drawing of the origami paper device. The 
white parts represent unmodified paper and the gray areas 
are impregnated with wax. (b) A drawing (Autodesk 123D 
Design) of the 3D-printed reservoirs. (c) A photograph of an 
actual device. The origami paper is sandwiched between the 
two green reservoirs using four screws at the corners. 
Electrodes are inserted into the top holes on the 
reservoirs. 
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3.3.3 Device Operation 
The TE and LE solutions used in these experiments were 
2.0 mM tris-taurine (pH 8.7) and 1.0 M tris-HCl (pH 7.3), 
respectively. After assembling the oPAD-ITP (origami paper, 
slip layer and reservoirs), the reservoirs were filled with 
1.0 mL of the TE or LE buffer as shown in Illustration 3.1. 
The circular paper channel was completely wetted within 1 
min. A Pt wire was inserted into each reservoir, and then 
two 9 V batteries were connected in series and used as the 
power supply (18 V in total). 
For the ssDNA concentration experiments, 40.0 nM of the 
ssDNA was initially present in the TE solution. For the 
dsDNA ladder experiments, 0.50 µg/mL of the dsDNA ladder was 
initially mixed in the TE solution. In the electric field 
profiling experiment, 30.0 µM Ru(bpy)3
2+ was initially mixed 
in the LE solution. For these latter experiments, home-made 
Ag/AgCl electrodes,80 rather than Pt, were used to avoid 
generation Cl2 arising from the low resistance and high 
current level (~17 mA). After ITP experiments, the solutions 
in both reservoirs were removed and the device was 
disassembled to analyze the content of each paper layer. 
3.3.4 Fluorescence Microscopic Analysis 
A Nikon AZ100 multi-purpose zoom fluorescence 
microscope with Nikon filters (ssDNA: 590-650 nm excitation 
and 663-738 nm emission; Ru(bpy)3
2+: 420-490 nm excitation 
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and 510-700 nm emission) was used to acquire fluorescence 
images of each fold of the oPAD-ITP device. All images were 
then processed with ImageJ software to obtain integrated 
relative fluorescence unit (RFU) intensity for 
quantification of fluorescent molecules on each layer. 
3.3.5 Gel Electrophoresis analysis 
Gel electrophoresis was used to quantify the dsDNA 
content on each paper layer after ITP of the dsDNA ladder. 
Gel electrophoresis was chosen for two reasons. First, most 
common dsDNA stains, such as SYBR gold or EtBr, exhibit a 
high background on cellulose paper, and this makes it 
difficult to visualize and quantify the amount of dsDNA. 
Second, the dsDNA ladder is comprised of twelve dsDNA 
components having lengths ranging from 100 to 1517 bp. Gel 
electrophoresis can separate them and provides quantitative 
information for each component of the ladder.  
The gel electrophoresis analyses were conducted as 
follows. First, each fold of the paper was cut off, dried, 
and then inserted into a 1.3% agarose gel containing 10 
µg/mL EtBr (Illustration 3.3). Control samples were prepared 
by drying 1.0 µL of the 500 µg/mL dsDNA ladder stock 
solution in the paper zone. Gel electrophoresis was run 
using 1x TAE (containing 40.0 mM tris, 20.0 mM acetic acid, 
and 1.0 mM EDTA) buffer for 50 min at 100 V (Lambda LLS9120 
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DC Power Supply). A Typhoon Trio fluorescence scanner (GE 
Healthcare, Piscataway, NJ) was used to image the gel, 
followed by ImageJ software analysis. 
 
Illustration 3.3. Photograph of the gel electrophoresis 
arrangement. 
After ITP, each paper layer of the oPAD-ITP was cut off, 
dried, and inserted into a 1.3% agarose gel containing 10 
µg/mL EtBr for analysis by gel electrophoresis. This 
photograph shows the individual folds inserted into the gel. 
A fluorescence scanner was used to image the gel after gel 
electrophoresis. 
 
3.4 RESULTS AND DISCUSSION 
3.4.1 Design and Operation of the oPAD-ITP for ssDNA 
Focusing 
Complete details regarding the design and operation of 
the oPAD-ITP are provided in the Section 3.3. Briefly, 
however, ssDNA focusing experiments were carried out as 
follows. An 11-layer oPAD-ITP was assembled as shown in 
Illustration 3.1, with the insulating slip layer initially 
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placed between the second and third paper folds. Next, two 
3D-printed reservoirs were filled with 1.0 mL of 2.0 mM 
tris-taurine (TE) containing 40.0 nM ssDNA and 1.0 M tris-
HCl (LE), respectively. Electrodes were placed into the 
reservoirs, an 18 V bias was applied, and the slip layer was 
removed. 
Figure 3.1a shows fluorescence micrographs of each 
paper layer as a function of time during ITP focusing of 
ssDNA. The fluorescence intensities increase with time, 
indicating successful accumulation of ssDNA from the buffer. 
The majority of the concentrated ssDNA is distributed 
between 2 to 4 paper layers, which correspond to a width of 
~0.4 - 0.7 mm (the average thickness of a single layer of 
paper is ~180 µm).20 The precise concentration of ssDNA in 
each layer is determined by integrating the fluorescence 
intensity and then comparing it to a standard calibration 
curve (Figure 3.2). Typical concentration histograms of 
ssDNA as a function of position and time are shown in Figure 
3.3. Figure 3.1b shows that the peak (maximum) concentration 
of ssDNA (CDNA, peak) grows linearly at a rate of ~1 µM/min 
until it reaches a plateau of ~4 µM at ~4 min. This 
corresponds to a ~100-fold enrichment of ssDNA from the 
initial 40.0 nM concentration. This enrichment factor is 
smaller than previously reported values (~several hundred to 
1000) using other paper-based ITP devices.8-10 The main 
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reason is that the value of CDNA, peak here is averaged over 
a thickness of 180 µm, and so it does not represent a true 
peak concentration. In other words, the oPAD-ITP is a 
digital device, with each paper fold representing one bin. 
 
Figure 3.1. ITP focusing of ssDNA using an 11-layer oPAD-
ITP.  
(a) Time-resolved fluorescence micrographs of ssDNA during 
focusing at 18 V. The TE and LE were 2.0 mM tris-taurine (pH 
8.7) and 1.0 M tris-HCl (pH 7.3), respectively, and the 
initial TE/LE boundary was between Layers 2 and 3. The 
initial ssDNA concentration in the TE solution was 40.0 nM. 
(b) Plot of the ssDNA peak concentration as a function of 
time. The peak concentrations were calculated from the 
images in (a). (c) Plot of peak position (in terms of layer 
number) as a function of time. The peak positions were 
obtained by Gaussian fitting of the ssDNA distributions 
shown in Figure 4.3. The error bars in (b) and (c) represent 
the standard deviation for three independent replicates. 
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Figure 3.2. ssDNA calibration curve.  
For each data point, an 11-layer origami paper (same as the 
oPAD-ITP) was prepared, and 15.0 µL ssDNA solution having 
the indicated concentrations was added to the inlet and 
allowed to wet all 11 layers. Excess liquid was removed, the 
paper was dried in the dark, and then the fluorescence image 
of each layer was obtained. The average RFU intensity of all 
layers is plotted as a function of the ssDNA concentration. 
In microfluidic ITP experiments, sample ions are 
focused at the TE/LE boundary, where there is a sharp change 
in the magnitude of the electric field. As the experiment 
progresses, this boundary migrates toward the LE reservoir. 
Figure 3.1a shows that this behavior is qualitatively 
replicated in the oPAD-ITP. That is, the location of maximum 
ssDNA concentration migrates from left to right, mirroring 
the location of the TE/LE boundary. This result is 
quantified in Figure 3.1c. Here, the peak positions were 
determined by Gaussian fitting of the ssDNA distributions 
(Figure 3.3), and then plotted as a function of time. This 
relationship is nearly linear, and the slope of this plot 
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(~0.3 layers/min) represents the velocity of the TE/LE 
boundary. The mobility of the TE/LE boundary (µITP) can be 
estimated using eq 3.1. 
E
da
ITP

     (3.1) 
Here, a is the slope of the linear fit in Figure 3.1c, d is 
the thickness of one paper layer (~180 µm), and E is the 
electric field strength. E can be estimated by dividing the 
applied voltage (18 V) by the total thickness of the 11-
layer origami paper. This assumes that the majority of the 
potential drop occurs in the paper channel rather than the 
reservoirs, which given the higher resistance of the paper 
is reasonable. The calculated value of µITP is 1.08 × 10
-10 
m2/s⋅V, one order of magnitude smaller than its counterpart 
in conventional microfluidic channels or other paper ITP 
devices (~10-9 m2/s⋅V).96,100 A possible explanation is that 
all ions are forced to travel through the three-dimensional 
cellulose matrix in the oPAD-ITP. This might increase the 
true migrational distance (tortuous path), and in addition 
could result in specific interactions between the ions and 
the cellulose fibers. This view is consistent with our 
previously reported finding that the mobilities of ions 
through paper are about one order of magnitude smaller than 
in free solution.97 In other paper-based ITP devices, ions 
migrate laterally across the paper (rather than normal to 
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it, which is the case for the oPAD-ITP), which can lead to 
different migrational pathways.85,100 
 
Figure 3.3. Distributions of ssDNA in the oPAD-ITP as a 
function of time. 
A 1.0 mL solution containing 40.0 nM ssDNA and TE buffer was 
added to the TE reservoir, and 1.0 mL of the LE buffer was 
added to the LE reservoir. After applying a voltage of 18 V 
for different lengths of time, the oPAD-ITP was unassembled, 
the individual paper layers were cut out, dried in the dark, 
and then imaged using fluorescence microscopy. The 
integrated fluorescence intensities are plotted here. 
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3.4.2 Collection and Extraction Efficiency 
In ITP, the collection efficiency (C%) is defined as 
the percentage of the original sample that is accumulated by 
an ITP device during a defined period of time. We calculated 
C% for the oPAD-ITP using eq 3.2.109 
TE
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%


     (3.2) 
Here, Cj is the concentration of ssDNA on the jth layer and 
Vj is the liquid capacity of one paper layer, ~0.5 µL. C0 
and VTE are the original sample concentration and the volume 
of the TE solution, respectively. The calculated value of C% 
is plotted as a function of time in Figure 3.4a. Between 0 
and 4 min, C% increases linearly with time at a rate of 
~4%/min. At longer times, however, C% increases at a lower 
rate. The maximum value of C% is ~30%, which is obtained 
after 12 min. The main reason for the slower accumulation 
rate at long times is probably related to the lowering of 
the ssDNA concentration in the reservoir as the experiment 
progresses. Another possible reason is that the broadened 
distribution of the focused ssDNA after 4 min (Figures 3.1a 
and 3.3) affects the ion concentration profile near the 
TE/LE boundary, thus disrupting the local electric field. 
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Figure 3.4. Focusing data for ssDNA using an 11-layer oPAD-
ITP. 
(a) Plot of collection efficiency (C%) as a function of 
time. C% was calculated by comparing the amount of ssDNA 
injected into the device with the sum of the amount of ssDNA 
present on each paper layer following ITP. (b) Plot of 
extraction efficiency (η) as a function of time. The 
definition of η is given in eq 3.3. The raw data used to 
generate the plots in (a) and (b) are shown in Figures 3.4 
and 3.6. The error bars represent the standard deviation for 
three independent replicates. 
In ITP, the extraction efficiency is the ability of the 
device to concentrate a defined sample volume per unit 
electrical charge consumed. Rosenfeld and Bercovici used a 
descriptor, η, to represent the extraction efficiency during 
focusing of small fluorescent molecules by their paper-based 
ITP device.100 The value of η is calculated using eq 3.3. A 
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high value of η means less energy is required to concentrate 
a sample. 
 


t
DNA
dttiC
tN
0
0 )(
)(
    (3.3) 
Here, NDNA(t) is the total moles of ssDNA focused by the 
oPAD-ITP after t min. In our experiments, the current, i(t), 
remained almost constant at ~0.53 mA during the focusing 
process (Figure 3.5), and NDNA(t) is linearly correlated 
with time for the first 4 min of the experiment (Figure 
3.4a). Therefore, η is 0.9-1.5 mL/C (Figure 3.4b), which is 
3-5 times higher than the value reported by Bercovici (0.3 
mL/C).100 The higher η value observed in our experiments is 
caused primarily by the lower TE concentration (2.0 mM 
taurine/2.0 mM tris), required for operation of the oPAD-
ITP, compared to that used by Rosenfeld and Bercovici (10 mM 
tricine/20 mM bistris). Specifically, when lower 
concentrations of TE are used, the sample ions carry a 
higher percentage of the total current, and this leads to 
better extraction efficiencies. 
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Figure 3.5. Current vs time curve for a typical ITP 
experiment.  
In this case, the ITP voltage (18 V) was applied using a CHI 
650C potentiostat (CH Instrument, Austin, TX) so that the 
current could be recorded. Five replicates are shown in the 
figure. 
3.4.3 Effect of Initial Sample Concentration on Enrichment 
According to classical peak-mode ITP theory, when the 
sample concentration is negligible compared with the 
concentration of either electrolyte (TE and LE), the maximum 
peak sample concentration (Csample,peak) depends solely on the 
TE and LE composition and is independent of the initial 
sample concentration (C0).
96 Therefore, the enrichment 
factor (EF), defined as the value of Csample,peak divided by 
C0, will be inversely proportional to the value of C0. 
Accordingly, we examined the oPAD-ITP performance using 
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different initial ssDNA concentrations (CDNA,0), but 
otherwise the same experimental procedure described in the 
previous section. 
 
Figure 3.6. Focusing data as a function of the initial 
concentration of ssDNA for an 11-layer oPAD-ITP.  
(a) Distribution of ssDNA as a function of position (paper 
layer number) and initial ssDNA concentration after 4.0 min 
of ITP at 18 V. Each data point was calculated by 
integrating the RFU of the fluorescence image of each paper 
layer. (b) Enrichment factor (EF) and collection efficiency 
(C%) as a function of the initial ssDNA concentration. The 
ssDNA concentration was calculated by comparing integrated 
RFU value with the calibration curve shown in Figure 3.2. 
The error bars represent the standard deviation for three 
independent replicates. 
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Figure 3.6a shows the distribution of accumulated ssDNA 
as a function of its position within the oPAD-ITP and CDNA,0 
after 4 min of ITP focusing. The concentration profiles 
shown in this figure are similar in shape, indicating that 
the electric field in the devices is not a strong function 
of CDNA,0. EFs and C%s as a function of CDNA,0 are presented 
in Figure 3.6b. Surprisingly, both quantities have roughly 
constant values of ~100 and 15%, respectively, as CDNA,0 
varies from 1.0 nM to 40.0 nM. This finding is in contrast 
to the expectation that both quantities should be inversely 
related to CDNA,0. There are several possible explanations 
for this observation. First, and most likely, the 
accumulation process during the first 4 min was limited by 
the migration of ssDNA within the cellulose matrix and did 
not reach the theoretical maximum accumulation. Therefore, 
ssDNA accumulates in the channel at a constant rate 
regardless of the initial concentration CDNA,0, leading to 
constant EF and C% values. Second, as mentioned before, the 
value of EF is calculated from CDNA,peak, which is averaged 
over the thickness of a 180 µm paper fold. This introduces 
some uncertainty into the determination of EFs. Third, 
electroosmotic flow (EOF) may play a role in ITP focusing by 
generating a counter flow in the paper channel. This would 
slow ssDNA migration and broaden the peak. However, a 
control experiment shown in Figure 3.7 does not support this 
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idea, because the EF is unchanged in presence and absence of 
EOF.  
 
Figure 3.7. Electroosmotic flow control experiment.  
The red trace presents the distribution of ssDNA when there 
was 3.0% polyvinylpyrrolidone (PVP) initially present in the 
LE to suppress EOF. The blue trace is same experiment 
without PVP. Both ITP experiments were run at 18 V for 4.0 
min. The results show that EOF did not significantly affect 
the value of EF and C% in the oPAD-ITP. 
3.4.4 Electric Field in the oPAD-ITP 
In microfluidic devices, focusing of analyte at the 
TE/LE boundary results from a sharp transition of the 
electric field between the TE and LE.118 We assume that the 
same is true for the oPAD-ITP, but to be certain we measured 
the electric field profile during ITP focusing. For this 
study, we adopted an approach reported by Santiago and 
coworkers.118 Specifically, we added Ru(bpy)3
2+, a 
nonfocusing fluorescent tracer (NFT),118 to the LE solution, 
and then determined its distribution across the paper folds 
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in the oPAD-ITP after focusing. In principle, the NFT will 
migrate through the channel during ITP and leave behind a 
concentration distribution that is inversely proportional to 
the local electric field strength. 
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Figure 3.8. Electric field profiles in an oPAD-ITP obtained 
using Ru(bpy)3
2+ as a NFT. 
Each data point represents the integrated RFU value of the 
fluorescence image of each paper layer. The dash lines 
represent the guidelines for the NFT distributions, which 
corresponding to electric field strength in the channel. (a) 
Distributions of the NFT before application of the voltage 
and at t = 4 min. Initially, the LE solution contained 30.0 
µM Ru(bpy)3
2+. (b) Distribution of the NFT before 
application of the voltage and at t = 4 min. For this 
experiment both reservoirs were filled with LE solution, but 
the NFT was only present in the anodic reservoir adjacent to 
Layer 11. To avoid oxidation of Cl- at the anode, Ag/AgCl 
wire electrodes replaced the Pt wire electrodes used in (a). 
For all experiments the applied voltage was 18 V. 
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Figure 3.8a shows the distribution of the NFT 
concentration (CNFT) in an oPAD-ITP at t = 0 and 4 min. 
These data were obtained using the same experimental 
conditions used for the ssDNA focusing experiments (e.g., 
Figure 3.1). At t = 0 min, the NFT is only present in the LE 
zone (Layers 3 to 11), and there is a concentration step 
between Layer 2 and 3. This step represents the TE/LE 
boundary where the slip layer was initially located. At t = 
4 min, the concentration step is still present, but it has 
moved three positions to the right. This is the same 
location where ssDNA accumulated after 4 min of ITP (Figure 
4.1a), thereby confirming that ssDNA accumulation occurs at 
the TE/LE boundary. Based on the value of CNFT in the 
channel, the electric field strength in the LE and TE zones 
can be approximated as 3 and 14 kV/m, respectively. 
There is a small possibility that the step-shaped 
distribution of NFT shown in Figure 3.8a (t = 4 min) could 
arise from slow migration of NFT in the paper matrix. 
Accordingly, we carried out a control experiment to rule out 
this possibility. Specifically, instead of using two 
different electrolytes (TE and LE), the same electrolyte 
(1.0 M tris-HCl) was loaded into both reservoirs, though the 
NFT is only placed in the LE reservoir. This condition 
should result in a uniform electric field across the entire 
channel, and therefore we expected the NFT concentration 
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step to disappear after applying the voltage. Figure 3.8b 
shows the result of this experiment. At t =0 min, a step-
shaped concentration profile is observed, just as in Figure 
3.8a. After 4 min, however, the NFT concentration step is 
replaced by a trapezoidal distribution: a linear increase 
from Layer 1 to 7, a plateau from Layer 7 to 10, and finally 
a decrease at Layer 11. This unusual distribution is mainly 
caused by the mobility differences of the NFT in the paper 
medium and in free solution,97 which determines the value of 
CNFT near the paper/reservoir boundary (boundary effect). As 
shown in Figure 3.8b, accumulation of NFT is observed near 
the right paper/reservoir boundary, due to larger influx of 
NFT from that reservoir into the paper. In the contrast, 
depletion of NFT near the left paper/reservoir boundary 
results from larger out-flow of NFT from paper into that 
reservoir. 
Based on the results in this section, we conclude that 
ssDNA focusing is caused primarily by the electric field 
transition at the TE/LE boundary, and to a much lesser 
extent by boundary effect. 
 
3.4.5 ITP Focusing of a dsDNA ladder 
Even though short DNA strands (usually several tens of 
bases) are widely used as model targets for developing DNA 
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sensing technologies, real-world DNA, for example in viruses 
or bacteria, is usually composed of thousands of base 
pairs.119,120 Accordingly, it is essential for an ITP device 
to be capable of focusing DNA strands longer 100 bp. In this 
section, we demonstrate the use of the oPAD-ITPs for 
focusing a 100 bp dsDNA ladder containing 100-1517 bp dsDNA. 
The same experimental setup and buffer conditions used in 
the previous section were used for these experiments. That 
is, the dsDNA ladder was loaded into the TE buffer, and the 
voltage was switched on for 10 min. 
After ITP, each fold of paper was removed from the 
channel, and gel electrophoresis was used to elute its dsDNA 
content (Illustration 3.3). The dsDNA on the gel was stained 
by EtBr and then imaged using a fluorescence scanner. A raw 
fluorescence image of a typical gel is shown in Figure 3.9a. 
Here, each lane represents one paper layer. The right-most 
lane was used as a standard (the dsDNA ladder solution was 
dropcast onto a single paper fold, but it was not exposed to 
ITP). Clearly, the concentrations for the different dsDNA 
lengths achieve their maximum values at Layers 5 and 6. 
Recall that the peak position for the shorter ssDNA was at 
Layer 7 (Figure 3.3). The slightly reduced mobility of the 
longer dsDNA ladder is probably due to its stronger affinity 
for the cellulose matrix.121   
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Figure 3.9. ITP focusing of a 100 bp dsDNA ladder.  
Initially, 1.0 µL of a 500 µg/mL solution of the 100 bp 
dsDNA ladder was dissolved in 1.0 mL of the TE solution 
(final dsDNA concentration: 0.5 µg/mL). Following 10 min of 
ITP of this solution at 18 V, each fold of the 11-layer 
oPAD-ITP was cut from the device, and gel electrophoresis 
was used to elute the dsDNA in that layer (Illustration 
3.3). (a) The left panel is a fluorescence micrograph of the 
gel after electrophoresis and staining with 10 µg/mL EtBr. 
The numbers under the lanes of the gel correspond to the 
Layer numbers of the oPAD-ITP. The right panel is a control 
experiment showing the result of gel electrophoresis of a 
paper fold onto which 1.0 µL of a 500 µg/mL dsDNA ladder 
solution was dispensed (no ITP). The gel electrophoresis 
conditions for all paper folds were: 1.3% agarose gel, 100 
V, and 50 min. (b) The black lines are fluorescence line 
profiles of the stained gels in each lane of the left panel 
in (a). The integral of the profiles is represented by the 
blue bar. (c) The black line is the fluorescence line scan 
of the gel in the right panel in (a). The blue hollow and 
red solid bars represent the total dsDNA placed in the 
reservoir prior to ITP and the total collected dsDNA on the 
oPAD-ITP, respectively. The calculated C% values for each 
dsDNA length are shown in the right-most column. 
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Figure 3.10. EF analysis of the ITP of a dsDNA ladder. 
Same experiment setup and buffer conditions were used as 
Figure 3.1. The dsDNA ladder was loaded into TE buffer. 
After ITP at 18 V for 10 min, the oPAD-ITP was unfolded and 
each paper layer was cut off and inserted in gel as 
Illustration 3.3 for gel electrophoresis. The gel 
electrophoresis image of each DNA band in each lane was 
analyzed using ImageJ software. The EF plotted here was 
calculated as the area of filled blue bars in Figure 3.9b 
divided by the area of corresponding hollow blue bars in 
Figure 3.9c. 
Figure 3.9b presents line profiles (black lines) of the 
RFU corresponding to the dsDNA bands in Figure 3.9a. The 
integrated RFU values of each dsDNA band, representing the 
dsDNA amount, are shown as filled blue bars aligned with the 
line profiles. Figure 3.9c is the same analysis for the 
ladder standard (right side of Figure 3.9a): the black lines 
present the RFU line profiles, the hollow blue bars show the 
integrated RFU value of each dsDNA band, and filled red bars 
equal the sum of the dsDNA amount on individual paper folds 
(equivalent to the filled blue bars in Figure 3.9b). The EF 
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for each dsDNA length was calculated as the area of filled 
blue bars in Figure 3.9b divided by the area of hollow blue 
bars in Figure 3.9c. Figure 3.10 is a plot of the EF as a 
function of the layer number for different dsDNA lengths. 
The maximum EFs are found at Layer 5 and they vary from 60 
to 120, which is consistent with the ssDNA results. The C% 
values of each dsDNA length are obtained as the area of 
filled red bars divided by the area of hollow blue bars in 
Figure 3.9c. The right column of Figure 3.9c shows that C% 
for all dsDNA lengths ranges from ~15-20%. These results 
support our conclusion that focusing of dsDNA having 
different lengths (up to 1517 bp) in the oPAD-ITP yields a 
consistent C% of ~20% and EF of ~100. 
 
3.5 SUMMARY AND CONCLUSIONS 
In this chapter we presented a novel origami paper-
based device, the oPAD-ITP, suitable for carrying out low-
voltage ITP focusing of DNA. Our approach resolves several 
issues inherent to previously reported paper-based ITP 
designs, including high operating voltage, solvent 
evaporation, and difficult sample reclamation. Using the 
oPAD-ITP, we demonstrated >100-fold enrichment of ssDNA and 
dsDNA having lengths of up to 1517 bps. The time required 
for enrichment is ~10 min, the paper device can accommodate 
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solution volumes of up to 1.0 mL, and it is battery operated 
(18 V). The collection efficiency ranges from ~15-20%. The 
electric field profiling experiments, using Ru(bpy)3
2+ as a 
tracer, clearly show that the focusing mechanism in the 
oPAD-ITP is the same as in bulk liquid solutions: 
accumulation of sample at the boundary between the TE and 
LE.  
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Chapter 4: Faradaic Ion Concentration Polarization 
on a Paper Fluidic Platform* 
4.1 SYNOPSIS 
We describe the design and characteristics of a paper-
based analytical device for analyte concentration 
enrichment. The device, called a hyPAD, uses faradaic 
electrochemistry to create an ion depletion zone (IDZ), and 
hence a local electric field, within a nitrocellulose flow 
channel. Charged analytes are concentrated near the IDZ when 
their electrophoretic and electroosmotic velocities balance.  
This process is called faradaic ion concentration 
polarization (fICP).  The hyPAD is simple to construct and 
uses only low-cost materials. The hyPAD can be tuned for 
optimal performance by adjusting the applied voltage or 
changing the electrode design. Moreover, the throughput of 
hyPAD is two orders of magnitude higher than that of 
conventional, micron-scale microfluidic devices. The hyPAD 
is able to concentrate a range of analytes, including small 
molecules, DNA, proteins, and nanoparticles, in the range of 
200-500-fold within 5 min. 
 
                                                 
*  Chapter 4 is based on a manuscript: X. Li, L. Luo and R. M. 
Crooks, Faradaic ion concentration polarization on a paper 
fluidic platform, submitted to Anal. Chem. XL and LL designed the 
experiments. RMC was the research advisor. XL performed and 
analyzed the experiments. XL and RMC wrote the manuscript. 
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4.2 INTRODUCTION 
In this paper, we report integration of the method of 
faradaic ion concentration polarization (fICP) with paper-
based analytical devices (PADs).18,122 The results show that 
this new family of PADs provides an inexpensive means for 
enriching the concentration of fluorescent molecules, 
nucleic acids, proteins, and nanoparticles by factors 
ranging from 200-500 within 5 min. Because they are 
fabricated using both nitrocellulose and cellulose paper, we 
call them hybrid PADs or simply hyPADs (Illustration 4.1a). 
There are several desirable characteristics of the hyPAD 
design. First, hyPADs are easy to fabricate using low-cost 
materials. Complicated channel modifications, such as 
membrane patterning,123,124 which are usually required for 
non-faradaic ICP, are not necessary for fICP. Second, the 
fICP process can be tuned for optimal performance by 
adjusting the applied voltage. Third, the use of a bipolar 
electrode (BPE)125-129 to drive faradaic reactions eliminates 
the need for an external circuit connection and a second 
power supply. Finally, the throughput of hyPAD is 
significantly larger (two-orders of magnitude) than 
conventional microfluidic channels. All of these points will 
be discussed in more detail later. 
Two- and three-dimensional PADs were first introduced 
by the Whitesides group in 2007 and 2008, respectively.18,19 
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Since that time, a number of means for detection of analytes 
on paper platforms have been reported.2,130 However, 
improving the limit of detection (LOD) of PADs remains 
important in several fields, particularly for point-of-care 
(POC) applications in medicine.10,60,130,131 On-chip sample 
preconcentration is one attractive solution to this problem 
because it can be implemented with existing detection 
strategies but still lower LODs. A variety of creative 
approaches for preconcentration have been reported for use 
with conventional glass and plastic microfluidic 
devices,132,133 but analogous reports for use with paper-
based devices are more limited.85,97,134-136 
Conventional ICP, which is an electrokinetic molecular 
trapping technique,137,138 has previously been adapted to 
paper platforms for preconcentrating analytes. For example, 
in 2014, Gong et al. patterned a nitrocellulose paper 
channel with a selectively permeable membrane (Nafion) to 
create a micro/nanochannel junction.139 Upon application of 
an electric field across the channel, permselective charge 
transport through Nafion led to formation of ion depletion 
zone (IDZ) and ion enrichment zone (IEZ) at opposite sides 
of the membrane. Due to reduction of the charge carrier 
(e.g., ion) concentration in the IDZ, the local electric 
field strength increased and blocked ions from entering this 
region of the channel. For example, negatively charged DNA, 
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transported by electroosmotic flow (EOF) into the vicinity 
of the IDZ, concentrated at the IDZ boundary where the EOF 
and electromigration velocities balanced. More recently, 
there have been additional publications140-144 demonstrating 
the ICP phenomena using PADs having designs similar to that 
of Gong et al.139 
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Illustration 4.1. Scheme of the hyPAD. 
The technique of fICP, which we report here, is similar 
to conventional ICP with two major exceptions.122,127 First, 
 84 
instead of a micro/nanochannel junction, the IDZ is created 
by an electrode (a BPE in this case) patterned within the 
channel. Second, instead of selective charge transport, the 
IDZ in fICP is formed as a result of faradaic processes at 
the electrode surface. These points are illustrated in 
Illustration 4.1b. The external voltage applied to the 
channel via the two carbon paste electrodes shown in 
Illustration 4.1a is sufficient to drive simultaneous water 
oxidation (eq 4.1) and reduction (eq 4.2) reactions at 
opposite ends of the BPE.122,126 
BPE anode: 
  eOHOH 442 22    (4.1) 
BPE cathode: 22 222 HOHeOH 

   (4.2) 
OHTrisTrisHOH 2

  (4.3) 
The faradaic reaction (eq 4.2) at the BPE cathode generates 
OH-, which can neutralize cations (TrisH+) present in the 
buffer (eq 4.3), resulting in uncharged products (H2, Tris, 
and H2O).
122 The local loss of charge carrying ions results 
in formation of an IDZ. Charged analytes, such as DNA, will 
then be concentrated at the IDZ boundary by the same 
principles operative in conventional ICP. 
In the present article, we show that the hyPAD is 
capable of concentrating a fluorescent molecule (BODIPY2-) 
up to 513-fold within 5 min. The throughput of hyPAD is ~600 
fold higher than conventional microfluidic devices. 
Furthermore, we demonstrate the ability of hyPADs to 
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concentrate DNA, proteins, and gold nanoparticles (AuNPs), 
which illustrates the potential application of hyPADs for 
detecting biological molecules and integrating with 
nanoparticle-based colorimetric assays. 
 
4.3 EXPERIMENTAL 
4.3.1 Chemicals and Materials 
A stock solution of 0.5 M Tris-HClO4 (pH 8.1) was 
prepared from Tris(hydroxymethyl)aminomethane (Sigma-
Aldrich, St. Louis, MO) dissolved in water and titrated with 
perchloric acid (70%, Fisher Scientific, Walthman, MA). 4,4-
Difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene-2,6-disulfonic acid (BODIPY2-) and albumin from 
bovine serum (BSA-AF, modified with Alexa Fluor 488) were 
obtained from Invitrogen (Carlsbad, CA). DNA (DNA-Cy5, 5‟-
GGA GTA AAT GTT GGA GAA CAG TAT CAA CAA-Cy5-3‟; DNA-SH, 5‟-
SH-C6-AAA AAA AAA ATA CCA CAT CAT CCA T-3‟) were ordered 
from Integrated DNA Technologies (Coralville, IA) and 
purified by HPLC. AuNPs (20 nm diam.) were purchased from 
Sigma-Aldrich (St. Louis, MO). All solutions were prepared 
using deionized water (> 18.0 Mcm) purified by a Milli-Q 
Gradient System (Bedford, MA). 
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4.3.2 Device Fabrication 
The hyPAD comprises three layers and is constructed 
from both nitrocellulose and cellulose paper (Illustration 
4.1a). Whatman Grade 1 cellulose paper (~180 μm thick, 
Fisher Scientific) was patterned with wax using a Xerox 
ColorQube 8750DN inkjet printer.20 All three layers of paper 
were fully covered by wax except for two hydrophilic, 
cellulose reservoirs present on the second layer (more 
detailed information about the hyPAD design is provided in 
the Illustration 4.2). The wax-patterned paper was placed in 
an oven at 120 oC for 45 s to melt the wax through the 
thickness of paper. Next, two driving electrodes and a BPE 
were stencil-printed on the first and second layers, 
respectively, using conductive carbon paste (Engineered 
Conductive Materials, Delaware, OH).145 The third layer of 
cellulose paper and an unpatterned piece of nitrocellulose 
paper (0.45 μm pore size, Thermo Scientific) were then cut 
to the same size using an Epilog laser engraving system 
(Zing 16). The nitrocellulose paper was then placed inside 
the cut-out of the third layer of cellulose paper.44 
Finally, the driving electrodes were connected with copper 
tape and the entire paper device was laminated with plastic 
(3M) that contained two holes as inlet and outlet for the 
solution. 
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Illustration 4.2. Details of the hyPAD configuration.  
The hyPAD was designed using CorelDraw 12 software. 
Cellulose paper was patterned with wax using a Xerox 
ColorQube 8750DN inkjet printer. The third layer was 
assembled using both cellulose and nitrocellulose paper. The 
hollow-channel in the cellulose paper and the replacement 
nitrocellulose channel were the same size and shape, and 
both were cut using an Epilog laser engraving system. 
4.3.3 Device Operation and Microscopic Analysis 
The hyPAD operates as follows. First, 80 μL of the 
analyte dissolved in 100 mM Tris-HClO4 (pH 8.1) is added at 
the inlet to pre-wet the nitrocellulose channel. Second, a 
potential bias of 100 V is applied between the two driving 
electrodes using a Lambda LLS9120 DC power supply. As soon 
as the voltage is applied, faradaic reactions occur at the 
BPE, and, as we will show later, an IDZ begins to develop 
near the BPE cathode. This initiates formation of a 
concentrated band of analyte. 
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Figure 4.1. Calibration curves for BODIPY2-, DNA-Cy5, and 
BSA-AF. 
The experiments were performed in following steps. A series 
of solutions containing different concentrations of the 
analytes were placed onto individual nitrocellulose paper 
strips. These strips were then imaged using fluorescence 
microscopy. The lighting conditions used to obtain the 
calibration curves were as similar as possible to those used 
for the hyPAD experiments. The fluorescence micrographs were 
then analyzed using ImageJ software to obtain the average 
fluorescence intensities for each concentration. Error bars 
in the figure indicate the standard deviations obtained from 
three independent replicates. The red lines are the best 
linear fits to the data. 
The enrichment process was visualized using a Nikon 
AZ100 fluorescence microscope. Micrographs were obtained 
every 1 s using a 100 ms exposure time. The following Nikon 
filters were used for each analyte: BODIPY2- and BSA-AF, 
460-500 nm excitation and 510-560 nm emission; DNA-Cy5, 590-
650 nm excitation and 663-738 nm emission. For the AuNP 
enrichment experiment, a cell phone (Huawei Honor 5X) was 
used to take photos of the hyPAD at different times under 
nearly identical lighting conditions. All images were 
processed using ImageJ software (NIH, Bethesda, MD) to 
obtain the maximum and integrated fluorescence intensities. 
These intensity values were then compared to calibration 
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curves of fluorescence intensity vs. analyte concentration 
(Figure 4.1) to obtain analyte concentrations. The hyPADs 
are disposable, and therefore a different device was used 
for each experiment. 
 
4.4 RESULTS AND DISCUSSION 
4.4.1 Enrichment of the Fluorescent Tracer BODIPY2- Using 
hyPADs 
In this section, we examine the performance of hyPADs 
for the enrichment of the fluorescent tracer BODIPY2-
.88,146,147 In subsequent sections we will discuss the 
mechanism of fICP on hyPADs and show that hyPADs are capable 
of enriching DNA, proteins, and AuNPs. 
A detailed description of hyPAD operation is provided 
in the Section 4.3. Briefly, 80 μL of a solution containing 
100 mM Tris-HClO4 and 20 nM BODIPY
2- are added to the hyPAD 
inlet (Illustration 4.1a) to wet the channel. Next, a 
voltage of Etot = 100 V is applied between the two driving 
electrodes. The evolution of BODIPY2- enrichment can then 
followed by fluorescence imaging. 
Figure 4.2a shows representative fluorescence 
micrographs obtained using a single hyPAD at different times 
following application of Etot. The thin, vertical, gray 
lines overlayed onto the image represent the edges of the 
BPE cathode. This series of images demonstrates, 
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qualitatively, that the fluorescence intensity increases 
with time after application of Etot, indicating successful 
accumulation of BODIPY2- near the BPE cathode. Moreover, the 
concentrated BODIPY2- plug remains in a nearly constant 
position just above one edge of the BPE cathode throughout 
the entire experiment. 
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Figure 4.2. Enrichment of BODIPY2- using hyPADs. 
(a) Fluorescence micrographs of enriched BODIPY2- in a 
hyPAD. A solution containing 100 mM Tris-HClO4 and 20 nM 
BODIPY2- was added at the inlet of hyPAD. A potential bias 
(Etot = 100 V) was applied at t = 0 s. The gray vertical 
lines indicate the edges of BPE cathode. (b) Plot of the 
average BODIPY2- concentration (Cave) vs. t. The value of Cave 
was obtained by integrating the BODIPY2- fluorescence 
intensity near the BPE cathode of each micrograph in (a) and 
comparing it to a BODIPY2- fluorescence intensity 
calibration curve (Figure 4.1). The curve is divided into 
three distinct zones by dashed lines. (c) Plot of the 
maximum BODIPY2- concentration (Cmax) vs. t. Cmax is 
determined by comparing the highest intensity camera pixel 
(micrographs in (a)) to the BODIPY2- calibration curve in 
Figure 4.1. The maximum enrichment factor (EFmax) was 
calculated using the maximum value of Cmax (Cmax
m) divided by 
initial BODIPY2- concentration. 
  
 92 
The extent of BODIPY2- enrichment can be quantified by 
plotting the average BODIPY2- concentration (Cave, Figure 
4.2b) and the maximum BODIPY2- concentration (Cmax, Figure 
4.2c) as a function of time (t). The value of Cave was 
obtained by integrating the BODIPY2- fluorescence intensity 
near the BPE cathode, and then comparing that value to a 
BODIPY2- fluorescence intensity calibration curve (Figure 
4.2). Figure 4.2b shows that the Cave vs. t curve can be 
divided into three zones. In Zone 1 (t = 0-50 s), Cave is 
very close to the background value (below the detection 
limit of the imaging instrument). In Zone 2 (t = 50-140 s), 
Cave increases linearly with time, and in Zone 3 (t = 140-
280 s) it begins to plateau. The average enrichment factor 
(EFave) is obtained by dividing Cave by the initial BODIPY
2- 
concentration (Cinit = 20 nM). At the end of the experiment 
(t = 280 s), EFave = 40. 
Cmax is determined by comparing the fluorescence 
intensity recorded at the camera pixel yielding the highest 
signal to the BODIPY2- calibration curve (Figure 4.1). The 
Cmax data (Figure 4.2c) increases monotonically with t and 
exhibits more noise than the analogous Cave plot. The higher 
noise arises primarily from the stochastic nature of 
measurements recorded from the single brightest pixel 
(compared to the averaged data in Figure 4.2b).  As will be 
discussed later, however, a fraction of this noise is also 
 93 
due to gas bubble formation at the BPE cathode which 
disrupts BODIPY2- enrichment. The maximum enrichment factor 
(EFmax) for BODIPY
2- can be determined from Figure 4.2c using 
maximum Cmax value (Cmax
m) divided by Cinit (20 nM). This 
results in EFmax = 490. 
4.4.2 Characterization of the Enrichment Process 
To better understand the time-dependent behavior of 
Cave and Cmax, a set of Cinit -dependent experiments was 
carried out. The conditions for these experiments were the 
same as in Figure 4.2, except that Cinit was varied from 1 to 
20 nM. 
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Figure 4.3. Cave analysis. 
(a) Plots of Cave vs. t for hyPAD enrichment experiments as 
a function of the initial BODIPY2- concentrations (Cinit). 
The solid lines represent the average Cave obtained from 
three independent measurement. The error bars (shadowing) 
indicate the standard deviations. (b) Enrichment rate (ER) 
vs. Cinit for the three zones defined in Figure 4.2b. The ER 
is the slope (∆Cave /∆t), obtained from the plots in (a) 
divided by Cinit. The error bars represent the standard 
deviations of three independent measurements. The dashed 
lines indicate the average ER values for the different Cinit. 
(c) Plot of Cave in the IDZ (Cave,IDZ) vs. t. The initial 
BODIPY2- concentration was 350 nM, but other experimental 
conditions were the same as in Figure 4.2. The inset 
indicates the IDZ region from which the data are derived. 
The dashed line indicates the boundary between Zones 1 and 
2. 
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Figure 4.3a shows a family of plots of Cave as a 
function of t for the indicated values of Cinit. The error 
bars (shadowing) correspond to the standard deviations for 
three replicates (three different hyPADs) for each value of 
Cinit. The general trends of these curves are similar to the 
data shown in Figure 4.2b in that they can be divided into 
the same three zones: Zone 1 (t = 0-50 s), Zone 2 (t = 50-
160 s), and Zone 3 (t = 160-280 s). The enrichment rate (ER) 
is defined as the slope (∆Cave/∆t) of each curve, in each of 
the three zones shown in Figure 4.3a, divided by Cinit. The 
ER is a representation of how quickly BODIPY2- enriches in 
each zone. The value of ER is plotted as a function of Cinit 
in Figure 4.3b, where the dashed lines represent the average 
values. The main finding is that ER is independent of Cinit. 
The numerical values of ER are: Zone 1: -0.04 fold/s; Zone 
2: 0.52 fold/s; and Zone 3: 0.05 fold/s. 
In Zone 1 ER is slightly negative (-0.04 fold/s) and 
independent of Cinit, which means BODIPY
2- is depleted near 
the BPE cathode at the start of the experiment. We 
hypothesized that the slightly lower BODIPY2- concentration 
in Zone 1 at t < 50 s results from formation of the IDZ and 
designed the following experiment to verify this idea. A 
detectable concentration of BODIPY2- (350 nM) was introduced 
into a hyPAD prior to enrichment so that the formation of 
the IDZ would be revealed by a local decrease in the 
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BODIPY2- concentration. As shown in Figure 4.3c, the average 
BODIPY2- concentration in the region of the channel where we 
expect the IDZ to form (Cave,IDZ, indicated by the inset)  
does indeed decrease immediately after application of Etot = 
100 V. The value of Cave,IDZ continues decreasing for ~70 s, 
and then it reaches a plateau indicating that the IDZ is 
fully formed. At t = 70 s, the concentration of BODIPY2- in 
the IDZ drops to only 86% of the original concentration. 
This result proves our hypothesis that the IDZ forms during 
the initial stage of the experiment, and it accounts for the 
~50 s delay in the onset of BODIPY2- enrichment shown 
Figures 4.2b and 4.3a. 
In Zone 2, BODIPY2- accumulates linearly as a function 
of t at a rate of 0.52 fold/s (Figure 4.3b). Because both 
capillary flow and pressure-driven flow are absent in the 
hyPAD, we believe that enrichment arises from EOF of 
BODIPY2- from the reservoir toward the vicinity of the IDZ. 
If this is true, then the EOF velocity (uEOF) in the hyPAD 
can be calculated from the value of ER: the result is uEOF = 
0.78 mm/s. This value is in agreement with literature 
reports under similar conditions (uEOF ~0.5 mm/s).
100 The ER 
values achieved using the hyPAD are comparable to those 
obtained using well-defined, conventional channels (ER = 0.4 
to 1.5 fold/s),146 but importantly the throughput of hyPAD 
is ~600 times higher due to the much larger channel 
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dimensions (~20 times taller and ~30 times wider than 
conventional microfluidic devices). 
The value of Cave reaches its maximum value in Zone 3, 
and the ER drops to 0.05 fold/s (Figure 4.3b). We attribute 
this behavior to the limited amount of BODIPY2- available in 
the device (i.e., the limited sample volume). 
 
Figure 4.4. Cmax analysis. 
(a) Plots of Cmax vs. t for the indicated values of Cinit. 
The experimental conditions were the same as in Figure 4.3. 
(b) Plot of Cmax
m vs. Cinit. The values of Cmax
m were obtained 
from (a) and Figure 4.5. Error bars indicate the standard 
deviation from three independent measurements. The dashed 
line represents the best linear fit to the data points. 
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Figure 4.4a shows how the Cmax vs. t curves change for 
different values of Cinit. These concentration-dependent data 
are consistent with the results shown in Figure 4.2c for a 
single BODIPY2- concentration (20 nM) in that they rise 
monotonically with t. Note, however, that we have 
occasionally observed cases in which Cmax reaches a maximum 
value and then decreases (Figure 4.5). This precipitous drop 
in Cmax before the end of the experiment is a consequence of 
gas bubbles that occasionally form within the channel of the 
hyPAD and disrupt enrichment (Figure 4.6). 
 
Figure 4.5. Plots of Cmax vs. t for different Cinit.  
The experimental conditions are same as in Figure 4.4. The 
values of Cmax
m are highlighted by arrows, and the values of 
Cinit are shown in each frame. 
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Figure 4.6. A photograph of the hyPAD channel during an 
fICP experiment. 
The experimental conditions are the same as in Figure 4.2. 
Gas bubbles can be observed along the walls (highlighted 
with red arrows). 
Despite the high level of noise and occasional drop in 
the Cmax vs. t curves, Cmax
m (the maximum value of Cmax 
determined from Figures 4.4a and 4.5) is linearly correlated 
to Cinit (Figure 4.4b). The slope of this plot is 513, which 
represents the average EFmax for the different values of 
Cinit. 
4.4.3 Understanding the fICP Mechanism in hyPADs 
In an effort to better understand the fICP mechanism, 
we examined a number of parameters associated with its 
performance. Because faradaic reactions occurring at the BPE 
are essential for establishing the IDZ, this part of the 
study began with measurements of the current passing through 
BPE. It has previously been reported that as much as ~80% of 
the total current is diverted through the BPE in a 
conventional microfluidic channel.147 To compare these 
earlier results to the hyPAD, ammeters were used to track 
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the current passing through the BPE and the total current 
through the channel (Illustration 4.3). 
 
Illustration 4.3. Schematic illustration of BPE current 
measurement. 
Current through the BPE is measured by cutting the 
connection between the two poles of the BPE (red X) and 
inserting an ammeter to complete the circuit. Current 
through the channel is measured by inserting an ammeter in 
series with the power supply. 
The results of this experiment (Figure 4.7a) indicate 
that 91 ± 1 % of the total current passes through BPE, which 
corresponds to a current density of ~10 mA/cm2. This is a 
sufficiently high current density that gas bubbles could be 
produced at the BPE.148 This is consistent with the visual 
observation of bubbles in Figure 4.6 and our contention that 
these bubbles play a role in the occasional unusual 
enrichment profiles shown in Figure 4.5. 
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Figure 4.7. Results obtained during BODIPY2- enrichment 
experiments.  
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(a) Plots of total current and BPE current vs. time obtained 
using experimental arrangement shown in Illustration 4.3. 
The driving voltage (Etot = 100 V) was turned on and off at 
the times indicated by black arrows. Other experimental 
conditions are same as in Figure 4.2. (b) Electric field 
measurements obtained using the modified four-layer hyPAD 
illustrated in Illustration 4.4. Other experimental 
conditions are same as in Figure 4.2. The blue and red 
traces shows the electric field distribution when BPE is 
present and absent, respectively. The orange bars at the 
bottom of the figure indicate the locations of BPE cathode 
and anode. (c) Plot of Cmax
m vs. BPE length (LBPE). The data
were obtained using hyPADs with LBPE ranging from 4.0 mm to 
8.5 mm. Other experimental conditions are the same as in 
Figure 4.2. The value of Cmax
m was analyzed as in Figure 4.4.
The error bars in (b) and (c) represent standard deviations 
obtained from three independent measurements like the one 
shown in (a). 
Figure 4.7. continued.
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A fundamental requirement for analyte enrichment by 
fICP is generation of a local electric field gradient within 
the fluidic channel.127 The existence of this field is 
strongly suggested by the presence of the IDZ discussed in 
the context of Figure 4.3c, but we wanted to confirm it 
directly.  Accordingly, a modified version of the hyPAD was 
used to measure this field during enrichment. This device, 
shown in Illustration 4.4, incorporates a fourth paper layer 
patterned with multiple electrodes evenly distributed above 
the channel. The local electric field strength along the 
channel can then be obtained by measuring the voltage 
difference between pairs of these electrodes during 
operation. When the BPE is absent, the results indicate that 
the electric field is uniformly distributed across the 
channel (~5 kV/m, Figure 4.7b). In contrast, when a BPE is 
present, a ~3-fold increase in the local electric field (~15 
kV/m) is observed near the edge of the BPE cathode where 
analyte enrichment is observed (Figure 4.2a). In other 
words, the locations of the IDZ, the local electric field 
gradient, and the enrichment zone are more-or-less co-
located. Another interesting observation from Figure 4.7b is 
that the electric field in the area between the poles of the 
BPE is close to zero. Recall that the current flowing 
through the channel accounts for only ~9% of the total 
current, which accounts for this observation. 
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Illustration 4.4. Design of the hyPAD for electric field 
measurement. 
(a) A schematic illustration of the hyPAD design for 
electric field measurement. Note that a fourth paper layer 
that is patterned with seven evenly distributed 1 mm-wide 
carbon electrode bands has been added. The center-to-center 
distance between the electrodes is 3 mm. During operation of 
the hyPAD, the voltage differences between pairs of bands, 
measured with a digital multimeter, indicate the electric 
field in the corresponding region of the channel (voltage 
difference divided by the distance between electrodes). (b) 
A photograph of the hyPAD. The device was laminated with 
clear plastic and the electrode bands were attached to 
copper tape.   
We also examined the effect of the length of the BPE 
(LBPE) on the performance of the hyPAD. This is an important 
parameter, because the potential difference between the two 
poles of the BPE (EBPE), and hence the rate of the faradaic 
reaction, depends approximately on LBPE and Etot according to 
eq 4.4, where Lchannel is the length of the channel.
128 
channel
BPE
totBPE
L
L
EE      (4.4) 
Eq 4.4 indicates that if Etot and Lchannel are held constant, 
then a larger value of LBPE results in higher EBPE.
147 
 105 
Therefore, by fabricating hyPADs with LBPE ranging from 4.0 
mm to 8.5 mm, it is possible to determine the effect of EBPE 
on enrichment. Specifically, we determined the effect of 
LBPE on Cmax
m, and found that there is a positive correlation 
(Figure 4.7c): BPEs having longer lengths, up to 7 mm, lead 
to higher Cmax
m. The increase in Cmax
m is likely caused by an 
increased rate of water reduction, leading to faster 
formation of the IDZ. Cmax
m does not continue to increase 
when LBPE > 7.0 mm (which corresponds to EBPE > 26 V), 
possibly due to bubble generation. Accordingly, we settled 
on LBPE = 7.0 mm as the optimum BPE length for the 
experiments described in the next section. 
 
4.4.4 Enrichment of DNA, Proteins, and AuNPs Using hyPADs 
To demonstrate the scope of hyPAD applications, we 
examined the enrichment of DNA, proteins, and AuNPs. For the 
enrichment of DNA, a solution containing 20 nM DNA-Cy5 was 
placed into the inlet of a hyPAD, Etot = 100 V was applied, 
and then the enrichment process was imaged by fluorescence 
microscopy. The resulting images are shown in Figure 4.8a. 
As for BODIPY2-, DNA-Cy5 enriches just above the BPE 
cathode. A quantitative analysis of these results is 
provided in Figure 4.9a, where Cave and Cmax are plotted as a 
function of t. As discussed for BODIPY2- (Figure 4.2b), the 
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Cave vs. t curve remains close to zero for the first 50 s, 
then increases nearly linearly, and finally plateaus. The 
Cmax vs. t curve is somewhat noisy (probably due to bubble 
formation), but from the value of Cmax
m we easily calculate 
that EFmax = 264. 
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Figure 4.8. Enrichment of DNA-Cy5, BSA-AF, and AuNPs using 
hyPADs. 
(a) Fluorescence micrographs obtained for DNA-Cy5 enrichment 
as a function of time. The initial DNA-Cy5 concentration was 
20 nM, but the other experimental conditions were the same 
as in Figure 4.2. (b) Fluorescence micrographs obtained for 
BSA-AF enrichment as a function of time. The initial BSA-AF 
concentration was 10 nM, but the other experimental 
conditions were the same as in Figure 4.2. (c) Cell phone 
photographs obtained for AuNP enrichment as a function of 
time. The initial concentration of DNA-stabilized AuNPs was 
1.0 nM, but other experimental conditions were the same as 
in Figure 4.2. In all three frames, the horizontal gray 
lines represent the edges of BPE cathode. 
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Figure 4.9. Quantification of DNA-Cy5 and BSA-AF enrichment 
on hyPADs. 
(a) Cave and Cmax vs. t traces for DNA-Cy5 enrichment. The 
concentration data were obtained using fluorescence 
micrographs like those shown in Figure 4.8a and comparing 
intensities to the DNA-Cy5 calibration curve in Figure 4.1b. 
The error bars represent the standard deviation of data 
obtained from three independent experiments. EFmax = 264 at 
t = 5 min. (b) Cave and Cmax vs. t traces for BSA-AF 
enrichment. The concentration data were obtained using 
fluorescence micrographs like those shown in Figure 4.8b and 
comparing intensities to DNA-Cy5 calibration curve in Figure 
4.1c. The error bars represent the standard deviation of 
data obtained from three independent experiments. EFmax = 
325 at t = 5 min. 
The enrichment of a 10 nM solution of BSA-AF is 
represented by the fluorescence micrographs shown in Figure 
4.8b. The experimental conditions for this experiment were 
the same as for DNA-Cy5 enrichment. As for BODIPY2- and DNA-
Cy5, BSA-AF is enriched at a location just above the BPE 
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cathode. Plots of Cave and Cmax as a function of t for this 
experiment are shown in Figure 4.9b. The characteristics of 
these data are similar to those of DNA-Cy5, but the value of 
EFmax is a little higher (325 vs. 264). 
Interestingly, both DNA-Cy5 and BSA-AF are enriched at 
a location similar to that of BODIPY2-, even though the 
three molecules have different electrophoretic 
mobilities.97,135 This behavior is different from results in 
conventional ICP or fICP, where molecules having different 
electrophoretic mobilities concentrate at different 
locations.88,137 This unique behavior is probably a result of 
the large channel dimensions of the hyPAD. 
One final point regarding the fluorescence micrographs 
shown for DNA-Cy5 and BSA-AF: The region of the channel over 
which these analytes are enriched is significantly larger 
than for BODIPY2-. We suspect this is because the 
electrophoretic mobilities of DNA-Cy5 and BSA-AF are lower 
than BODIPY2-.97,135 As a result, electromigration in the IDZ, 
which is proportional to electrophoretic mobility, may be 
insufficiently strong to completely stop the movement of 
DNA-Cy5 or BSA-AF (i.e., imperfect counter-flow forces). 
Therefore, some DNA-Cy5 and BSA-AF passes through IDZ and 
spreads over the BPE cathode. 
Colorimetric assays based on AuNP labels are becoming 
commonplace due to their low cost and ability to be observed 
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by simple visual inspection.21 However, the electrokinetic 
enrichment of nanoparticles on paper is challenging, because 
in paper matrixes electrophoretic transport of nanoparticles 
is usually much slower than small molecules.149 However, the 
EOF of hyPADs can be strong enough to transport AuNPs 
efficiently in the paper channel. Herein, we tested the 
ability of hyPADs to concentrate AuNPs and imaged the 
enrichment process using a cell phone camera. 
For this experiment, the sample solution contained 1.0 
nM AuNPs, but otherwise the experimental conditions were the 
same as for Figure 4.2. To avoid aggregation in the 
relatively high salt solutions required for fICP, the AuNPs 
were functionalized with DNA using a pH-assisted method 
reported elsewhere.145,150 These materials were prepared by 
mixing 500 μL of a solution containing 20 nm-diameter AuNPs 
with thiolated ssDNA (ssDNA-SH) at a molar ratio of 1:1000. 
The mixture was vortexed for 3 min, and then 50 μL of 100 mM 
citrate-HCl buffer (pH 3.0) was added. This mixture was 
vortexed for 3 min, and then 500 μL of a solution containing 
100 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) buffer (pH 7.6) was added to bring the solution pH 
back to neutral. The AuNPs were washed with 100 mM Tris-
HClO4 buffer (pH 8.1) three times, with centrifugation 
between washings, to obtain the final product. A cell phone 
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was used to track enrichment of AuNPs as a function of time 
under nearly identical lighting conditions. 
Figure 4.8c presents photographs of AuNPs concentrating 
on a hyPAD as a function of time. Even with this primitive 
imaging technology, it is obvious that AuNPs, like the other 
analytes, accumulate near the BPE cathode. The purple color 
of the AuNPs does not change during the experiment, 
indicating they are stable (no aggregation) throughout the 
enrichment process. As for DNA-Cy5 and BSA-AF, the enriched 
AuNP region is broader than for BODIPY2-. This finding is 
consistent with the hypothesis discussed earlier that 
electromigration in the IDZ may be not strong enough to 
completely slow down the movement of AuNPs due to their low 
electrophoretic mobility.149 
 
4.5 SUMMARY AND CONCLUSIONS 
To summarize, we have demonstrated enrichment of four 
analytes, BODIPY2-, DNA-Cy5, BSA-AF, and AuNPs, using fICP 
implemented on a hybrid (cellulose and nitrocellulose) paper 
analytical device. The hyPAD is inexpensive and easy to 
fabricate, and the throughput is two-orders of magnitude 
higher than that of conventional microfluidic devices.  
We carried out several experiments to provide insights 
into the performance and operating characteristics of the 
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hyPAD performance. Specifically, time-dependent enrichment 
studies indicated that no analyte accumulation occurs until 
~50 s after application of the driving voltage.  During this 
period, substantial current (91 ± 1 % of the total) is 
driven through the BPE, rather than the channel, resulting 
in formation of the IDZ. Electric field mapping reveals that 
enrichment is driven by the IDZ and the corresponding local 
electric field gradient at the edge of BPE cathode. Finally, 
we demonstrated the versatility of hyPADs by concentrating 
BODIPY2- (EFmax = 490), DNA (EFmax = 264 fold), proteins 
(EFmax = 325 fold), and AuNPs (naked eye detection). This 
broad scope of analytes suggests that the hyPAD is a good 
candidate for coupling to conventional PADs to lower limits 
of detection. 
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Chapter 5: Detection of Hepatitis B Virus DNA with 
a Paper Electrochemical Sensor* 
5.1 SYNOPSIS 
Here we show that a simple paper-based electrochemical 
sensor, fabricated by paper folding, is able to detect a 30-
base nucleotide sequence characteristic of DNA from the 
hepatitis B virus (HBV) with a detection limit of 85 pM. 
This device is based on design principles we have reported 
previously for detecting proteins via a metalloimmunoassay. 
It has four desirable attributes. First, its design combines 
simple origami (paper folding) assembly, the open structure 
of a hollow-channel paper analytical device to accommodate 
micron-scale particles, and a convenient slip layer for 
timing incubation steps. Second, two stages of amplification 
are achieved: silver nanoparticle labels provide a maximum 
amplification factor of 250,000 and magnetic microbeads, 
which are mobile solid-phase supports for the capture 
probes, are concentrated at a detection electrode and 
provide an additional ~25-fold amplification. Third, there 
are no enzymes or antibodies used in the assay, thereby 
increasing its speed, stability, and robustness. Fourth, 
                                                 
* Chapter 5 is based on previous publication: X. Li, K. Scida and 
R. M. Crooks, Detection of Hepatitis B Virus DNA with a Paper 
Electrochemical Sensor, Anal. Chem., 2015, 87, 9009-9015. XL and 
RMC designed the experiments. RMC was the research advisor. XL 
performed and analyzed the experiments. KS provided suggestions. 
XL and RMC wrote the manuscript.  
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only a single sample incubation step is required before 
detection is initiated. 
 
5.2 INTRODUCTION 
In this paper we show that a simple paper-based 
electrochemical sensor, fabricated by paper folding, is able 
to detect DNA from the hepatitis B virus (HBV) with a 
detection limit of 85 pM. This device, which we called 
oSlip-DNA (o stands for origami,12 slip indicates that it 
incorporates a slip layer,43,98 and DNA means that it is 
configured for DNA detection)57, is based on design 
principles we have reported previously for detecting 
proteins via a metalloimmunoassay.57,151 The oSlip-DNA has 
four desirable attributes. First, its design combines simple 
origami (paper folding) assembly,12 the open structure of a 
hollow-channel paper analytical device to accommodate 
micron-scale particles,44 and a convenient component (the 
slip layer) for timing incubation steps.43,152 Second, two 
stages of amplification are achieved in the oSlip-DNA: (1) 
silver nanoparticle labels (AgNPs, 20 nm diameter, ~250,000 
atoms per AgNP) provide a maximum amplification factor of 
250,000; and (2) magnetic microbeads (MµBs), which are 
mobile solid-phase supports for the capture probes, are 
concentrated at a detection electrode, lead to an additional 
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~25-fold amplification. Third, there are no enzymes or 
antibodies used in the assay, thereby increasing its speed, 
stability, and robustness. Fourth, only a single sample 
incubation step is required before detection is initiated, 
thereby simplifying sample preparation. Here, we illustrate 
these basic concepts by demonstrating detection of a 30-base 
nucleotide sequence characteristic of HBV.153 
HBV infection is one of the most important chronic 
virus infections with more than 350 million people infected 
worldwide.154 It can result in many clinical problems, 
including liver cirrhosis and hepatocellular 
carcinoma.155,156 The DNA from HBV, which is an important 
biomarker for HBV infection, can vary from a few to more 
than 109 copies/mL in serum, and it is usually detected in 
serum157 or dried blood spots158 by tests based on polymerase 
chain reaction (PCR).159,160 These PCR assays are usually 
performed in centralized laboratory settings due to the 
specialized nature of the required equipment and 
personnel.161 More recently, several types of biosensors 
have been developed to detect the HBV DNA, including 
patterned nanoarrays with surface-enhanced Raman scattering 
detection162 and a gold nanorod-based fluorescence resonance 
energy transfer system.163 However, these sensors suffer 
from either a long testing time (>30 min) or cost, which 
makes them less than ideal for point-of-care (POC) 
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applications. The device we report here is intended to fill 
the need for a cheaper, more portable detection system. 
Paper-based analytical devices (PADs) for POC 
applications were popularized as early as the mid-1960s.164 
For example, one of the most familiar applications of PADs 
that emerged from these early studies is the pregnancy test 
strip, which is based on a lateral flow immunoassay.165 In 
the mid-2000s, the Whitesides group disrupted the lateral 
flow assay technology by introducing 2D and 3D PADs.3,18,19 
These were fabricated on filter paper using photoresist18,102 
or wax20 to create fluidic channels. Capillary flow in such 
sensors is driven by the cellulose matrix,166 and therefore 
no pump or external power supply is required. The low cost 
and ease of remediating filter paper makes it a good 
candidate for POC applications.3,130,167 Finally, a number of 
detection methods, including colorimetry,104,168 
electrochemistry,54,56,57,169 UV-vis,103 Raman,170,171 
fluorescence,77,97 electrochemiluminescence,105,107 and mass 
spectrometry172 have been successfully applied to PAD 
assays. Of these detection methods, electrochemical methods 
are perhaps the most useful,51,60 because they are 
quantitative, lend themselves to miniaturization, have low 
power requirements, and require only simple detection 
instrumentation. Accordingly, we have focused on 
electrochemical detection in our sensor technologies. 
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Microbeads, particularly those having a magnetic core, 
are a mainstay of bioassay systems for three reasons. First, 
they generally have much higher total surface areas than 
macroscopic planar surfaces, and therefore they can support 
more receptors. Second, their mobility in solution decreases 
assay times by increasing the likelihood of encounters 
between targets and receptors. Third, washing steps are 
faster and easier because the beads can be separated from 
solution by a magnetic force. For these reasons, it seems 
natural that microbeads would be integrated into PADs as 
mobile solid-phase supports. However, there is a size 
incompatibility: the limited pore size of the cellulose 
matrix is poorly matched with the unhindered flow of micron-
scale microbeads. We recently resolved this problem by 
introducing hollow-channel PADs,44-46 in which the cellulose 
channel is physically removed. Because the thickness of the 
paper we use is about 180 µm, this leads to unhindered flow 
of microbeads. 
Another key step in bioassays is precise timing of 
incubation and washing steps. For PADs, a number of 
strategies have been introduced for enabling these 
operations. These include: dissolvable barriers,11 magnetic 
valves,42 programmed disconnection,173 and sequential reagent 
loading using multiple pathways.40 We contributed to this 
functionality by introducing the SlipPAD, which is a device 
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that incorporates a moveable piece of paper that can be used 
to initiate on-chip chemical reactions at a defined 
times.43,98 The SlipPAD is simply a paper version of the 
SlipChip concept first reported by the Ismagilov group.98,152 
In the present chapter we combine hollow channels, the 
SlipPAD methodology, and electrochemical detection to 
provide a one-step, full sandwich, quantitative DNA assay 
for HBV. The limit of detection (LOD) is 85 pM, which is 
remarkable for a device having a cost of US$ 0.19 (not 
including reagents or a plastic holder). Moreover, the 
performance metrics (LOD, time-to-answer, and linear range) 
of the oSlip-DNA compare favorably with the same assay 
carried out in a conventional electrochemical cell. 
Importantly, the results reported here also demonstrate the 
ease with which the oSlip platform can be reconfigured. That 
is, our recently reported biotin/streptavidin assay57 is 
converted into an oligonucleotide assay simply by changing 
the receptor and label recognition elements. 
 
5.3 EXPERIMENTAL  
5.3.1 Chemicals and Materials 
Phosphate buffered saline (PBS) solution (containing 
10.0 mM phosphate, 138.0 mM NaCl and 2.7 mM KCl, pH 7.4) and 
KMnO4 were purchased from Sigma-Aldrich (St. Louis, MO). 
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Label DNA (5‟ thiol-modified C6-S-S-A10-TACCACATCATCCAT 3‟), 
the HBV DNA target (5‟ TTGGCTTTCAGTTATATGGATGATGTGGTA 3‟), 
and capture DNA (5‟ ATAACTGAAAGCCAA-A10-Biotin 3‟) were from 
Integrated DNA Technologies (Coralville, IA) and purified by 
HPLC. HCl, sodium citrate dihydrate, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), NaOH, and Whatman 
grade 1 chromatography paper (180 µm thick) were obtained 
from Fisher Scientific (Walthman, MA). AgNPs (20 nm diam.) 
were from Ted Pella (Redding, CA). Streptavidin-coated MµBs 
(2.8 µm diam.) were from Bangs Laboratories (Fishers, IN). 
Erioglaucine disodium salt was acquired from Acros Organics 
(Pittsburgh, PA). Carbon ink for the screen-printed 
electrodes (SPEs) was from Engineered Conductive Materials 
(Delaware, OH). The neodymium cylindrical magnet (N48, 1/16 
in. X 1/2 in.) was purchased from Apex Magnets (Petersburg, 
WV). All solutions were prepared using deionized water (DI, 
>18.0 MΩcm) purified by a Milli-Q Gradient System (Bedford, 
MA). 
5.3.2 Device Fabrication 
The oSlip fabrication method has been reported 
previously, and to demonstrate its ease of reconfigurability 
we used the same approach for the oSlip-DNA.57 Briefly, as 
shown in the Illustrations 5.1 and 5.2, the oSlip-DNA device 
pattern was designed in CorelDRAW software and printed on 
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Whatman grade 1 chromatography paper using a wax printer 
(Xerox ColorQube 8570DN). The patterned paper sheet was 
placed in an oven at 120 oC for 45 s to melt the wax so that 
it penetrated through the thickness of the paper. After 
cooling to 25 ± 2 oC, the hollow channel was cut into the 
paper using a razor blade. The three electrodes were then 
added by stencil printing.169 A binder clip with copper tape 
on it (Illustration 5.2) was used to connect the screen-
printed electrodes to a potentiostat. Before use, 1.0 µL of 
1.0 mM erioglaucine solution was drop-cast onto the outlet 
on the second layer of the device. As discussed later, this 
makes it possible to know when flow through the channel 
stops. Finally, the oSlip-DNA was sandwiched between two 
acrylic plates (Evonik Industries) and secured with binder 
clips to reproducibly compress the device and ensure uniform 
thickness of the hollow channel. 
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Illustration 5.1. Design of the oSlip-DNA device. 
(a) The oSlip part of the device. (b) The slip layer part of 
the device. The scale bar applies to both figures. The 
hollow part of the device was cut out using a razor blade. 
Position markers in (b) mark the two slip position shown in 
Figures 5.2b and 5.2c. 
 
 
 
Illustration 5.2. Photographs of the oSlip-DNA device.  
(a) The assembled oSlip-DNA device. (b) An open view of the 
device showing the slip-layer in its position prior to 
introduction of KMnO4 to the hollow channel. The tab 
impregnated with KMnO4 is highlighted by the dashed red 
square. (c) An open view of the device after moving the slip 
layer into its functional position with the tab in the 
hollow channel. 
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5.3.3 Modification of AgNPs and MµBs with DNA 
AgNPs modified with label DNA were synthesized using a 
fast pH-assisted functionalization method first reported by 
Liu and coworkers.174,175 A 500.0 µL stock solution of AgNPs 
(565.0 pM in DI H2O) was mixed with thiolated DNA at a molar 
ratio of 1:1000. The mixture was placed on a vortexer for 
5.0 min. Next, 26.5 µL of 100.0 mM pH 3.0 citrate-HCl buffer 
was added to the solution to bring the salt concentration up 
to 5.0 mM. The solution was vortexed for an additional 5.0 
min before adding another 27.8 µL of citrate-HCl buffer to 
reach a final salt concentration of 10.0 mM. After 25.0 min, 
500.0 µL of 100.0 mM pH 7.6 HEPES buffer was added to bring 
the solution pH back to neutral pH. The label DNA-modified 
AgNPs were then centrifuged (20.0 min at 16,000 g) and 
washed three times with 1x PBS buffer (pH 7.4) to obtain the 
final product. The resulting AgNPs were characterized by UV-
vis spectroscopy (Hewlett-Packard HP 8453 spectrometer), 
zeta potential measurements (Nanosight NS500), and 
transmission electron microscopy (JEOL 2010F TEM). 
Capture DNA immobilization on MµBs takes advantage of 
biotin/streptavidin conjugation. Briefly, surfactant was 
removed from a stock solution containing 1.1 pM 
streptavidin-coated MµBs by washing twice with 1x PBS 
buffer, and then the MµBs were mixed with biotinylated DNA 
at a molar ratio of 1:106. After reaction at 25 ± 2 oC for 
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1.0 h, the resulting DNA-modified MµBs were washed with 1x 
PBS buffer three times to remove unbound DNA. 
5.3.4 Electrochemistry 
All electrochemical measurements were performed using a 
CHI 650C potentiostat from CH Instruments (Austin, TX). A 
glassy carbon working electrode (GCE, 1.0 mm diam.), Ag/AgCl 
reference electrode, and Pt wire counter electrode were used 
for testing the DNA assay in a conventional electrochemical 
cell (Illustration 5.3). For the oSlip-DNA device, all three 
electrodes were 2.0 mm in diameter and fabricated by stencil 
printing. The reference electrode was, therefore, a carbon 
quasi-reference electrodes (CQRE), which holds a 
surprisingly stable potential for the duration of oSlip-DNA. 
assays. 
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Illustration 5.3. Photograph of the conventional 
electrochemical cell. 
A glassy carbon working electrode (GCE, 1.0 mm diam.), 
Ag/AgCl reference electrode, and Pt wire counter electrode 
were used for electrochemical measurements. The volume of 
solution in the cell was 250.0 µL. 
 
5.4 RESULTS AND DISCUSSION 
5.4.1 Operation of the oSlip-DNA 
In this section we explain the operation of the oSlip-
DNA, including the one-step sample incubation procedure and 
anodic stripping voltammetry (ASV) detection method. 
The three-strand DNA sandwich, which links together the 
AgNP labels and MµB solid supports, was carried out in a 
vial (i.e., off chip). Specifically, 50.0 µL of the HBV DNA 
target, present at different concentrations in 1x PBS 
buffer, was mixed with 10.0 µL of a 700 fM solution of the 
MµBs functionalized with the capture DNA and 10.0 µL of a 
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210.0 pM solution of AgNPs modified with the label DNA. 
After vortexing for 30.0 min, the mixture was washed twice 
using a magnet to retain the MµB-bound DNA sandwich. The DNA 
sandwich was then resuspended in 1x PBS buffer. 
 
Illustration 5.4. Scheme of the oSlip-DNA. 
The assay begins by injecting the DNA sandwich into the 
inlet of the oSlip-DNA (Illustration 5.4a). The bottom of 
the main channel is rendered hydrophilic (the green hemi-
channel shown at the bottom of Illustration 5.4c),45 so the 
MµBs will flow through the hollow channel due to capillary 
pressure. A small rare-earth magnet is positioned just above 
the working electrode and held in place by a plastic holder 
(Illustration 5.2). Therefore, as the DNA sandwich moves 
down the channel, the MµBs are captured directly at the 
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working electrode. This is an important preconcentration 
step that is, in part, responsible for the low LOD that 
characterizes the oSlip-DNA. 
The channel and the sink at the end of the channel 
become saturated with solution within 15 s and flow stops. 
This results in upward flow of the solution toward the 
outlet, and this in turn leads to resolvation of the 
predispensed erioglaucine dye and the appearance of a blue 
color at the outlet of the oSlip-DNA. The appearance of the 
blue indicator means that flow has stopped and that the user 
should move the slip layer (the third layer) into its 
functional position (Illustration 5.4b). This results in 3.7 
nmol of the oxidant (KMnO4), which was predispensed onto a 
paper tab attached to the slip layer, being carried into the 
region of the channel directly below the working electrode. 
The solid KMnO4 resolvates and diffuses through the ~180 µm 
thickness of the quiescent solution in the hollow channel 
within 20 s. This results in rapid oxidation of the AgNP 
labels by MnO4
- to yield soluble Ag+. 
The final step in the assay is to electrodeposit the 
free Ag+ onto the working electrode, and then quantify the 
amount of zerovalent Ag by ASV. Because Ag+ is confined 
within the narrow channel, the majority of it can be 
deposited onto the working electrode within 200 s. Each AgNP 
contains ~250,000 Ag atoms, and so this is the second source 
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of chemical amplification that leads to low picomolar LODs. 
The entire analysis takes <5 min. 
5.4.2 Characterization of DNA-modified AgNPs and MµBs 
It is not possible to directly measure the average 
number of oligonucleotides per AgNP using UV-vis 
spectroscopy, because the large AgNP plasmon peak at 400 nm 
overlaps the much smaller DNA absorbance at 260 nm (which is 
typically used for quantitation). However, using a very 
similar synthetic method, Liu and coworkers used 
fluorescently labeled DNA to estimate that there are ~220 
DNA strands per 20 nm AgNP.174 
Although it is difficult to know the average number of 
DNA molecules per AgNP, we have abundant circumstantial 
evidence for its presence. For example, the stability of the 
AgNPs is enhanced after DNA modification. This is 
demonstrated by the UV-vis spectra of AgNPs before and after 
modification with DNA (Figure 5.1). Before DNA modification, 
the AgNPs (diluted in DI H2O) exhibit a large absorption 
peak at 400 nm, which is characteristic of the plasmon of 
individual AgNPs.176,177 After washing the AgNPs and 
dispersing in 1x PBS buffer, however, the 400 nm absorption 
peak disappears, indicating agglomeration and 
precipitation.178 In contrast, after the AgNPs are modified 
with DNA, the 400 nm plasmon peak is still evident after 
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washing and dispersing in the same buffer. This enhanced 
stability in the high-salt buffer is a consequence of the 
stabilizing influence of the DNA shell.179 
 
Figure 5.1. UV-vis spectra of AgNPs. 
The red trace is the spectrum of unmodified AgNPs dispersed 
in DI H2O. The peak at ~400 nm arises from the plasmon 
absorbance. The black trace is the spectrum after 
centrifuging the AgNPs (20.0 min at 16,000 g) and 
resuspending in 1x PBS buffer. In this case, the AgNPs 
agglomerate and precipitate, so no plasmon peak is observed. 
The blue trace is the spectrum of AgNPs in 1x PBS buffer 
after DNA modification. In this case, the AgNPs remain 
soluble due to the presence of the polyelectrolyte DNA 
shell. Taken together, these data provide circumstantial 
evidence for the presence of surface-bound DNA. 
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Figure 5.2. AgNPs size analysis.  
Transmission electron micrographs and size distributions of 
AgNPs (a & c) before and (b & d) after surface modification 
with DNA. 
Additional evidence for the DNA shell comes from 
nanoparticle tracking analysis. Specifically, the zeta 
potential of the AgNPs decreases from -19.69 mV to -40.19 mV 
after modification with DNA. The negative zeta potential 
before DNA modification is probably due to the citrate 
capping reagent used during the initial synthesis of the 
AgNPs. The transmission electron micrographs in Figure 5.2 
show that the size of AgNPs does not change during DNA 
modification, but the dispersion of particles is better due 
to DNA-DNA repulsion between particles. These results are 
consistent with the zeta potential measurements and the 
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enhanced stability in salt solution, and together they 
strongly suggest the presence of DNA on the AgNPs. 
It is easier to determine the amount of DNA on the 2.8 
µm diam. MµBs than on the AgNPs. Specifically, we used UV-
vis spectroscopy to determine the difference in DNA 
concentration in the supernatant before and after reaction 
with streptavidin coated MµBs, which corresponds to the 
amount of DNA strands present on MµBs. The results show that 
there are 4.1 ± 0.7 x 105 DNA strands per MµB. 
 
5.4.3 DNA Sandwich Assay in a Conventional Electrochemical 
Cell 
To benchmark the performance of the oSlip-DNA, the HBV 
DNA sandwich assay was carried out using a conventional 
electrochemical cell first. These experiments also provided 
us with an opportunity to optimize some parameters that 
could transferred to the operation of the paper device. 
Experiments in the conventional electrochemical cell 
were carried out as follows. Different concentrations of a 
100.0 µL solution of the HBV DNA sandwich (see legend, 
Figure 5.3a), synthesized as described earlier, were added 
to a conventional electrochemical cell. Next, 1x PBS buffer 
(supporting electrolyte) and MnO4
- (oxidant, 41.6 µM final 
concentration)57 were added to yield a total volume of 250.0 
µL. After 20 s, which is sufficient time for MnO4
- to 
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completely oxidize the AgNPs, three electrodes were inserted 
into the cell. Finally, the potential of the carbon working 
electrode was set to 0.30 V for 200 s, to electrodeposit Ag, 
and then ASV was initiated by scanning from -0.06 V to 0.30 
V at 10 mV/s. As shown in Figure 5.3a, Ag oxidation occurs 
at ~0.13 V. 
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Figure 5.3. DNA assay in a conventional electrochemical 
cell. 
(a) ASVs obtained for the HBV DNA sandwich assay in a 
conventional electrochemical cell. Different concentrations 
of the HBV DNA target were mixed with 100 fM MµBs and 30.0 
pM AgNPs in 1x PBS buffer for 30.0 min to form the DNA 
sandwich. Next, the DNA sandwich was added to a 1x PBS 
solution containing 41.6 µM KMnO4. The ASVs of this solution 
were obtained by holding the potential of the working 
electrode at -0.30 V (vs. Ag/AgCl) for 200 s, and then 
scanning from -0.06 V to 0.30 V at 10 mV/s. The data shown 
here has been baseline corrected. (b) Plot of charge under 
the ASVs shown in (a) as a function of the concentration of 
the HBV DNA target. The red line represents the best linear 
fit of the experimental data. The error bars reflect the 
standard deviations for replicate measurements carried out 
in three independently fabricated devices. 
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The areas under the voltammograms in Figure 5.3a were 
integrated to determine the charge corresponding to Ag 
electrodeposited on the working electrode, and the resulting 
dose-response curve is plotted in Figure 5.3b. The plot is 
linear between target DNA concentrations ranging from 0 to 
500 pM, but at higher concentrations the total charge 
collected is lower than predicted by the red line. This is 
probably due to the high-dose Hook effect, which is common 
in this type of one-step sandwich assay.180 The non-zero 
intercept in the plot is a consequence of non-specific 
absorption of AgNPs on the MµBs. The LOD of the HBV DNA 
assay is 76 pM (i.e., 4.5 x 1010 DNA copies per mL), which 
is comparable to HBV DNA levels in the serum of patients 
before seroconversion.181 This LOD is defined as three times 
the standard deviation of the blank signal, divided by the 
slope of dose-response curve in Figure 5.3b. Note that a 
control experiment was carried out using a target consisting 
of all T base single-stranded DNA (dT30). The result (Figure 
5.4) indicates a 4-fold higher signal for the correct target 
compared to dT30. The signal for dT30 is 2-fold higher than 
for the control experiment (no target present, Figure 5.3a). 
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Figure 5.4. Specificity test. 
Experiments for DNA assay was carried out in the 
conventional electrochemical cell. In both experiments, 1.0 
nM DNA (target or control) was used. The concentrations of 
MµBs and AgNPs were 100 fM and 30.0 pM, respectively, and 
the allotted hybridization time was 3.0 h. Control DNA is 
all T base single-stranded DNA (dT30, Integrated DNA 
Technologies). The electrochemistry parameters are same as 
in Figure 5.3. Values of the charge shown in the figure come 
from integration of the Ag oxidation peak in the ASVs. 
After demonstrating the functionality of the sandwich 
assay, we turned our attention to optimizing three important 
experimental parameters to ensure the lowest possible LOD 
and efficient use of reagents. All of these experiments were 
carried out in the conventional electrochemical cell using 
the just-described procedure. First, the time required for 
DNA sandwich hybridization was studied. As shown in Figure 
5.5a, the one-step sandwich reaction reached ~80% of its 
maximum signal at 30.0 min and plateaued thereafter, which 
is consistent with DNA binding kinetics under similar 
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conditions.182 Accordingly, 30.0 min was chosen as the 
optimal DNA hybridization time. Second, the effect of the 
MµB concentration on the Ag oxidation signal was tested 
while maintaining a 30.0 min DNA sandwich incubation time. 
The results in Figure 5.5b show that a MµB concentration of 
100 fM is sufficient to capture most of the HBV DNA target 
strands. Beyond this point, no signal enhancement is 
observed. Third, the effect of the concentration of DNA-
modified AgNPs was examined using a 30.0 min incubation time 
and 100 fM MµB concentration. Figure 5.5c shows that the 
signal increases with increasing AgNP concentration, but no 
limiting value is achieved. The reason for this behavior 
goes back to the Hook effect. That is, there is an excess of 
capture DNA strands (on the MµBs) but limited label strands 
(on the AgNPs), and therefore target DNA can only form a 
half-sandwich by binding to available capture strands. The 
higher the concentration of AgNP (modified with label 
strands), the higher the chance of forming a complete 
sandwich and hence higher charge is observed. This argues 
for the use of higher AgNP concentrations, but to minimize 
non-specific absorption of the AgNPs onto the MµBs, and to 
minimize cost, a AgNP concentration of 30.0 pM was chosen 
for the oSlip-DNA experiments. 
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Figure 5.5. Optimization of reaction time and reagent 
concentrations. 
All experiments were performed in 1x PBS buffer and the 
concentration of the HBV DNA target used was 1.0 nM. 
Electrochemical measurements were carried out as in Figure 
5.3. (a) Plot of charge under the ASV peaks as a function of 
reaction time.  The HBV DNA target was mixed with 200 fM 
MµBs and 47.0 pM AgNPs for the indicated times. (b) Plot of 
charge under the ASV peaks as a function of MµB 
concentration. The HBV DNA target was mixed with 47.0 pM 
AgNPs and the indicated concentrations of MµBs for 30.0 min. 
(c) Plot of charge under the ASV peaks as a function of AgNP 
concentration.  The HBV DNA target was mixed with 100 fM 
MµBs and the indicated concentrations of AgNPs for 30.0 min. 
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5.4.4 DNA Sandwich Assay in the oSlip-DNA 
Using the optimized parameters discussed in the 
previous section, we carried out a series of HBV DNA 
sandwich assays in the oSlip-DNA paper device. As for the 
experiments performed in the conventional electrochemical 
cell, 50.0 µL of the pre-synthesized DNA sandwich was 
injected into an oSlip-DNA device. As we have shown 
previously,57 the magnet (Illustration 5.4c) concentrates 
the MµB-conjugated DNA sandwich on the surface of the 
working electrode. After ~12 s flow stops due to saturation 
of the paper sink, which is indicated by the appearance of 
the blue dye at the outlet. At this point the slip layer is 
pulled to expose the AgNPs to the oxidant for 20 s. Finally, 
electrochemical detection is initiated by electrodepositing 
Ag+ at -0.3 V for 200 s, and carrying out ASV from -0.3 V to 
0.3 V at 10 mV/s (in a preliminary report of the oSlip, we 
showed that these are the optimal values).57 
The ASVs resulting from the foregoing procedure are 
shown in Figure 5.6a. Compared to the results obtained in 
the conventional electrochemical cell (Figure 5.3), there 
are two significant differences here. First, the potential 
range on the horizontal axis is different. This is because 
the oSlip uses a CQRE, which has a different potential than 
the Ag/AgCl reference electrode used to obtain the data in 
Figure 5.3a. Second, there is more variation in the Ag 
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oxidation peak position in Figure 5.6a than in Figure 5.3a. 
This is also a consequence of the different reference 
electrodes used in the two experiments. Specifically, each 
ASV shown in Figure 5.6a was obtained using an independently 
fabricated oSlip, and there is some device-to-device 
variation in the potentials of the CQREs. Although somewhat 
annoying, this is not too big of a problem because it is 
still easy to integrate the peaks due to the absence of 
other electrochemical processes in this potential range. 
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Figure 5.6. DNA assay on oSlip-DNA devices. 
(a) ASVs obtained for the HBV DNA sandwich assay. The 
indicated concentrations of the HBV DNA target were mixed 
with 100 fM MµBs and 30.0 pM AgNPs in 1x PBS buffer for 30.0 
min. The electrochemical data were obtained by 
electrodepositing Ag at a potential of -0.30 V for 200 s, 
and then scanning the potential from -0.30 V to 0.30 V at 10 
mV/s. The data shown here has been baseline corrected. (b) 
Plot of charge under the ASVs shown in (a) as a function of 
the concentration of the HBV DNA target. The red line 
represents the best linear fit of the experimental data. The 
error bars reflect the standard deviations for replicate 
measurements carried out in three independently fabricated 
devices. 
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Another important difference between the ASV results 
obtained in the conventional electrochemical cell (Figure 
5.3a) and the oSlip-DNA (Figure 5.6a) is that the current is 
~25 times higher in the paper device even though the 
experimental conditions are the same. We ascribe this 
difference primarily to the presence of the magnet above the 
working electrode (not present in the conventional 
electrochemical cell) and the concomitant accumulation of 
the MµB-bound AgNP labels. Additionally, there is an 
advantage to carrying out the Ag electrodeposition step in 
the oSlip due to its thinness and geometric corresponding 
confinement of Ag+ near the working electrode.57,183 These 
factors represents the second level of amplification in the 
oSlip-DNA, the first being the 250,000-fold amplification of 
the sandwich due to oxidation of the AgNP labels. Note that 
in a preliminary report,57 we showed that ~84% of the MµBs 
introduced into the inlet of the oSlip-DNA are captured by 
the magnetic field in the vicinity of the working electrode. 
Figure 5.6b is a plot of the charge under the ASV peaks 
in Figure 5.6a as a function of the concentration of HBV 
DNA. It exhibits a trend similar to that observed in the 
conventional electrochemical cell. That is, the ASV signal 
changes linearly with the HBV DNA concentrations ranging 
from 0 to 500 pM and presents a slight Hook effect at 
concentrations higher than 1.0 nM. As mentioned above, the 
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charge under ASV peaks are ~25 times larger than that in the 
conventional electrochemical cell. However, the effect of 
AgNP non-specific absorption on the MµBs also leads to a 
higher signal when no target is present. The LOD for the HBV 
DNA in the oSlip-DNA is 85 pM; about the same as in the 
conventional electrochemical cell (76 pM). 
 
5.5 SUMMARY AND CONCLUSION 
In conclusion, we have demonstrated the functionality 
of the oSlip-DNA for the detection of the HBV DNA using a 
one-step sandwich assay. The oSlip-DNA is user-friendly, 
capable of handling assays that employ MµBs, and its two-
stage amplification makes it possible to detect picomolar 
levels of the HBV DNA target. The dynamic range and linear 
range are 0 - 1.5 nM and 0 - 500 pM, respectively, with a 
LOD of 85 pM. Each sensor costs < US$ 0.19 to fabricate at 
lab scale, the assay is fast (< 5 min) and robust compared 
to enzymatic amplification methods, making it a candidate 
for POC applications.  
Still, there are some problems with the approach we 
described here. First, the DNA sandwich must be prepared ex 
situ, which for POC applications is not desirable. 
Accordingly, we are currently studying the feasibility of 
predispensing the MµBs functionalized with the capture 
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sequences and the DNA-functionalized AgNP labels in the 
inlet of the device. This introduces a new set of problems, 
including reagent resolvation, controlling the timing of the 
hybridization step, and issues related to non-specific 
adsorption. We are also interested in more realistic 
matrices (here we focused exclusively on buffer) and of 
course that introduces yet another set of challenges. 
Finally, the detection limit of the oSlip DNA for HBV is too 
high for direct assays. This means that some kind of nucleic 
acid preamplification, such as PCR, would be required for 
this particular HBV application. Note that it is not usual 
to couple off-chip PCR with PAD detection.184 The results of 
our efforts to address these challenges will be reported in 
due course. 
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Chapter 6: Summary and Conclusion 
In this dissertation, four types of paper-based 
analytical devices are described. The first device focuses 
on multi-analyte separation. The second and third devices 
are designed for sample enrichment. The fourth device is a 
sensitive biosensor with electrochemical detection.  
Specifically, Chapter 2 discusses the design of a 3D 
PAD (oPAD-Ep) for electrophoretic separation of serum 
proteins. The oPAD-Ep is fabricated based on the principle 
of origami to shorten the channel length. The key finding is 
that only ~10 V voltage supply is enough to generate a 
sufficient electric field in the channel (a few kV/m) for 
electrophoresis, which avoids high voltage conditions in 
conventional designs. The multilayer design enables 
convenient sample introduction by the use of a slip layer as 
well as easy product analysis and reclamation, thus making 
the oPAD-Ep more user-friendly and suitable for POC 
applications.  
Chapter 3 focuses on the sample enrichment based on the 
isotachophoresis technique. The device (called oPAD-ITP), 
similar to the oPAD-Ep (Chapter 2), is also based on the 
origami design. The electrolyte conditions in the channel 
are controlled so that sample ions transport at a velocity 
between two different electrolytes. The specific electrolyte 
condition leads to a non-linear electric field gradient in 
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the channel and a sharp electric field boundary between the 
two electrolytes. The key finding is that single-stranded 
and double-stranded DNA with various lengths (from 23 to 
1517 bp) can be enriched at the boundary of the two 
electrolytes with similar enrichment factor (~100) and 
collection efficiency (~20%). This PAD design can be 
integrated with other detection systems and lower the limit 
of detections by two orders of magnitude.  
Chapter 4 discusses the faradaic ion concentration 
polarization experiments for sample enrichment on paper 
(hyPAD). The hyPAD uses bipolar electrode based faradaic 
electrochemistry to create a local electric field gradient 
in the paper channel and concentrate charged anlaytes with a 
counter-flow. The key finding is that the hyPAD can be 
fabricated easily with low-cost materials and the enrichment 
process in hyPADs can be tuned via electrochemistry. Charged 
analytes including DNA, proteins, nanoparticles, can be 
enriched by 200-500 fold within 5 min.  
Chapter 5 focuses on using an electrochemical method 
for the detection of DNA hybridization assays on paper 
(oSlip-DNA). The electrochemical method is sensitive, fast, 
and robust. The device is low-cost, user-friendly, and yet 
sophisticated enough to enable microbead-based assay and 
timely control of the reagent transport. The key finding is 
that this electrochemical method integrates two stages of 
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amplification: magnetic enrichment (~25 fold) and 
electrochemical signal amplification via silver 
nanoparticles (~250,000 fold). Therefore, the oSlip-DNA, 
which can be fabricated at a cost of 36 cents per device, is 
capable to detect Hepatitis B Virus DNA with a detection 
limit of 85 pM.  
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